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Abstract

Objectives

To explore in vivo innate immune cell activation as a function of the distance from ventricular
CSF in patients with multiple sclerosis (MS) using ['*F]-DPA714 PET and to investigate its
relationship with periventricular microstructural damage, evaluated by magnetization transfer
ratio (MTR), and with trajectories of disability worsening.

Methods

Thirty-seven patients with MS and 19 healthy controls underwent MRI and ['*F]-DPA714
TSPO dynamic PET, from which individual maps of voxels characterized by innate immune cell
activation (DPA+) were generated. White matter (WM) was divided in 3-mm-thick concentric
rings radiating from the ventricular surface toward the cortex, and the percentage of DPA+
voxels and mean MTR were extracted from each ring. Two-year trajectories of disability
worsening were collected to identify patients with and without recent disability worsening.

Results

The percentage of DPA+ voxels was higher in patients compared to controls in the periven-
tricular WM (p = 6.10e-6) and declined with increasing distance from ventricular surface, with a
steeper gradient in patients compared to controls (p = 0.001). This gradient was found in both
periventricular lesions and normal-appearing WM. In the total WM, it correlated with a gra-
dient of microstructural tissue damage measured by MTR (r, = —0.65, p = 1.0e-3). Compared to
clinically stable patients, patients with disability worsening were characterized by a higher
percentage of DPA+ voxels in the periventricular normal-appearing WM (p = 0.025).

Conclusions

Our results demonstrate that in MS the innate immune cell activation predominates in peri-
ventricular regions and is associated with microstructural damage and disability worsening. This
could result from the diffusion of proinflammatory CSF-derived factors into surrounding
tissues.
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Glossary

DPA+ = voxels characterized by a significant activation of innate immune cells; DVR = distribution volume ratio; EDSS =
Expanded Disability Status Scale; HC = healthy controls; MNI = Montreal Neurological Institute; MS = multiple sclerosis;
MT = magnetization transfer; MTR = MT ratio; PMS = progressive MS; pu = percentage units; RRMS = relapsing-remitting
MS; TE = echo time; TR = repetition time; TSPO = translocator protein.

Multiple sclerosis (MS) is a complex inflammatory disease
responsible for an irreversible CNS injury resulting from a
combination of focal lesions and more diffuse structural
damage, both contributing to disability worsening."

Recent pathologic investigations have revealed a possible re-
lationship between CSF proximity and microstructural dam-
age in the cortex,” potentially related to CSF-derived
proinflammatory cytokines.> Advanced imaging tools have
confirmed that regions facing the CSF are particularly sus-
ceptible to tissue damage by showing a correlation between
periventricular lesion load and cortical thinning,4 as well as the
presence of a periventricular gradient of microstructural
damage.>™ Tissue damage in the periventricular white matter
has been linked to that of the cortex, suggesting a shared
mechanism of injury.*>*"°

The biological mechanism underlying the relationship be-
tween CSF proximity and tissue injury has not been eluci-
dated in vivo yet, but postmortem evidence has suggested an
involvement of activated microglial cells.” Microglia activation
can be visualized with the use of PET with radiotracers tar-
geting the 18-kDa translocator protein (TSPO), the expres-
sion of which is upregulated in innate immune cells in
inflammatory disorders like MS."'""” In this study, we used a
high-resolution research tomograph with a fluorinated
second-generation TSPO tracer, [18F:|-DPA714,18’19 to ex-
plore whether periventricular white matter in MS is charac-
terized by a gradient of innate immune cell activation and to
investigate the relationship between this gradient and mi-
crostructural damage and disability.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

All participants signed written informed consent to participate
in a clinical and imaging protocol approved by the local ethics
committee, according to the Declaration of Helsinki.

Participants

We enrolled 41 patients with MS (13 with relapsing-remitting
MS [RRMS], 28 with progressive MS [PMS]) according to
the revised McDonald criteria*® and 20 age- and sex-matched
healthy controls (HC).

Genomic DNA from blood samples was used to genotype the
rs6971 polymorphism of the TSPO gene,*" revealing 31 high-
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affinity binders (22 patients, 9 HC), 25 mixed-affinity binders
(15 patients, 10 HC), and S low-affinity binders (4 patients, 1
HC). The last group was excluded from further analysis,
leaving a total of 37 patients with MS and 19 HC (table 1).

Clinical Assessment

At study entry, all patients underwent a neurologic examina-
tion and were scored with the Expanded Disability Status
Scale®* (EDSS). For each patient, the EDSS score 2 years
before study entry was collected retrospectively through the
careful review of primary medical files and checked for con-
sistency with our local database entered in the European
Database for Multiple Sclerosis records. Disability worsening
over 2 years was evaluated as changes in EDSS between the
inclusion visit and 2 years before study entry and converted
into EDSS step change.”> EDSS step change was used to
classify patients as clinically worsening (EDSS step change
>0.5) or clinically stable over the 2 years preceding study
entry. Patients were classified as untreated (“off,” if they had
no disease-modifying treatment during this period) or treated
(“on,” if they received a disease-modifying treatment) (table 1
and table e-1, data available from Dryad, doi.org/10.5061/
dryad.z612jm69r).

Image Acquisition

Within a maximum of 1 month from study entry, all partici-
pants underwent an MRI protocol on a Siemens 3T PRISMA
scanner (Siemens, Munich, Germany) equipped with a 32-
channel head coil and a 90-minute dynamic ['*F]-DPA714
PET examination on a high-resolution research tomograph
(CPS Innovations, Knoxville, TN).

The MRI protocol included the following sequences: (1)
3-dimensional T1-weighted magnetization-prepared rapid
gradient-echo (repetition time [TR]/echo time [TE]/
inversion time 2,300/2.98/900 milliseconds, resolution 1.0
x 1.0 x 1.1 mms), (2) T2-weighted imaging (TR/TE 4,500/
14 milliseconds, resolution 0.9 x 0.9 x 3.0 mm®), (3) fluid-
attenuated inversion recovery (TR/TE/inversion time 8,880/
129/2,500 milliseconds, resolution 0.9 x 0.9 x 3.0 mm®), and
(4) gradient-echo with (MTon) and without (MToff) mag-
netization transfer (TR/TE 35/5 milliseconds, resolution 1.0
x 1.0 X 2.0 mm>).

The PET protocol consisted of an IV bolus injection of 198.4
+22.9 MBq of ['®F]-DPA714 at the beginning of a 90-minute
dynamic acquisition, as previously detailed.”*** After re-
construction, the resulting dynamic PET images consisted of
27 time interval (time frames) images: six 1-minute frames for
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Table 1 Demographic and Clinical Characteristics of Patients With MS and Healthy Controls

Demographic, Clinical, and Radiologic Characteristics

Healthy Patients With MS Relapsing-Remitting Progressive
Controls (Total) MS MS
No. 19 37 11 26
Age,y 46.6 £ 14.3 47.7+11.4 426 £13.3 49.9 £ 10.0
Female/male, n 13/6 2116 8/3 13/13
Genotype (mixed-/high-affinity binders), n 10/9 15/22 4/7 11/15
Disease duration, y — 9.3+54% 6.7+4.4 104 +5.5
Baseline EDSS score — 5 (2-7.5)° 3.5(2-6) 6 (3-7.5)
EDSS step change — 1(0-4.5) 1(0-2.5) 1(0-4.5)
Individual trajectory (clinically stable/clinically — 13/24 4/7 9/17
worsening), n
Disease-modifying treatment (off/on), n — 20/17¢ 1/10 19/7

Abbreviation: EDSS = Expanded Disability Status Scale; HC = healthy controls; MS = multiple sclerosis.

Values are mean + SD or median (range).

2p <0.05 by Wilcoxon-Mann-Whitney test.

®p <0.001 by ordered logistic regression model.

€p <0.001 Fisher exact tests between MS subgroups.

the initial 6 minutes (6 x 1), followed by 7 x 2-minute frames
and 14 x S-minute frames, with a spatial resolution of =2.5-
mm full width at half-maximum.

Image Analysis

Anatomic Image Processing and Generation of
Periventricular Concentric Rings

In patients, T2-hyperintense lesions were manually contoured
by an expert investigator (G.B.) on T2-weighted scans with
reference to fluid-attenuated inversion recovery sequences
using a semiautomated edge-finding tool (JIM version 6.0,
Xinapse systems, Essex, UK). The corresponding lesion
masks were generated and aligned to the individual T1-
weighted scans with FLIRT (FMRIB [Oxford Centre for
Functional MRI of the Brain, UK] Linear Image Registration
Tool, FMRIB Software Library, version 5.0.9).26 After a
lesion-filling procedure in patients only,”” T1-weighted scans
were segmented using a multiatlas segmentation approach’®
and analyzed with FreeSurfer (version 6.0) to calculate the
cortical thickness.

The following regions of interest were then defined on T1-
weighted scans of all participants: (1) white matter; (2) cor-
tex; and (3) ventricular CSF, including lateral and third
ventricles (figure 1, A-C). In patients with MS, the following
regions of interest were also defined: T2 lesions and normal-
appearing white matter, defined as the white matter outside
visible lesions on T2-weighted scans. Manual corrections were
performed when necessary to ensure anatomic accuracy.
Distance maps from ventricular CSF toward the cortex in the
white matter (either total white matter or white matter di-
vided in normal-appearing white matter and T2 lesions) were
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then calculated as the 3-dimensional euclidean distance to the
nearest nonzero voxel (figure 1, D-F).

T1-weighted scans were then normalized to the Montreal
Neurological Institute (MNI) 152 standard space with a
nonlinear transformation from Advanced Normalization
Tools, version 2.2).%

Subsequently, all regions of interest and distance maps were
aligned to standard space. According to the PET resolution,
distance maps were then divided in 3-mm-thick concentric
rings, radiating from the ventricular surface toward the cortex
(figure 1, D-F). To minimize partial volume effect, the first
3 mm close to ventricles and the last 3 mm close to the white
matter/cortex interface were removed from the white matter
ring map.

PET Image Processing and Calculation of Innate
Immune Cell Activation in Periventricular Concentric
Rings

Voxel-wise ['*F]-DPA714 distribution volume ratio (DVR)
parametric maps (figure 2A) were calculated with the Logan
graphical method based on reference region, extracted with a
supervised clustering algorithm.**** DVR maps were then
aligned using FLIRT® to the corresponding T1-weighted
images and normalized to the standard space using the pre-
viously calculated nonlinear transformations® of the T1-
weighted in native space onto the MNI152 standard space.

Voxels characterized by innate immune cell activation
(hereinafter referred to as DPA+) were identified as those
voxels with DVR values that exceeded >20% of the mean DVR
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Figure 1 Processing Steps to Generate 3-mm-Thick Ring
From CSF to Adjacent White Matter

(A-C) Axial, coronal, and sagittal views of a T1-weighted images segmented
with a multiatlas segmentation approach generating masks for the white
matter, cortex, and ventricles (red, green, and yellow, respectively). (D-F)
Axial, coronal, and sagittal views of the corresponding distance map from
the ventricular surfaces toward the cortex, calculated in the white matter
mask and divided into 3-mm-thick rings.

value of the HC in the same MNI position. The 20% relative
threshold had been calculated by means of a voxel-wise
nonparametric permutation-based t test between the DVR
maps of patients and HC, as previously described.”® This step
resulted in the generation of individual maps of innate im-
mune cells activation, consisting of binary masks of DPA+
voxels (figure 2B).

Given the impact of the TSPO affinity on the DVR estimates,
voxel classification was conducted separately for high- and
mixed-affinity binders.

For each participant, the percentage of voxels classified as
DPA+ was extracted from each ring of the white matter and of
T2 lesions and normal-appearing white matter separately in
patients only.

MT Ratio in Periventricular Concentric Rings

For each participant, both MToff and MTon sequences were
rigidly aligned26 to the corresponding T1-weighted scan in
native space. Maps of MT ratio (MTR) were calculated as
MTR = (MToff - MTon)/MToff, measured in percentage
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Figure 2 lllustrative Example of ['®F]-DPA714 DVR Maps
and the Corresponding Individual Map of DPA+
Voxels

(A) ['8F 1-DPA714 distribution volume ratio (DVR) map of a representative
patient with multiple sclerosis (MS) (45-year-old female patient with sec-
ondary progressive MS, disease duration 22 years, Expanded Disability
Status Scale [EDSS] score at baseline 6, EDSS step change in the 2 years
preceding baseline 1.5). Map was obtained using Logan graphical analysis
with reference region extracted with a supervised clustering approach. (B)
Corresponding individual map of voxels characterized by a significant acti-
vation of innate immune cells (DPA+) (yellow) obtained by thresholding the
DVR map of panel A (see text for details about the thresholding technique
used).

units (pu), and normalized to the standard space with the
previously calculated transformations. In all participants,
mean MTR values within each ring of the white matter were
extracted.

Due to the presence of artifacts, the MTR images of 9 par-
ticipants (4 patients, S HC) were excluded from further MTR-
based analysis, leaving a total of 33 patients (women n = 19,
age 48.1 £ 11.6 years) and 14 HC (women n = 9, age 41.0 *
12.4 years).

Statistical Analysis

Statistical analyses were performed with R (R Foundation for
Statistical Computing, version 3.5.0, Vienna, Austria). De-
mographic and clinical data are presented as mean + SD, while
EDSS score and EDSS step change are presented as median
(range). For inferential statistics, results are reported as mean
+ SD, except when specified otherwise. For all tests, the level
of statistical significance was set at p < 0.05, and pairwise
comparisons of estimated marginal means were performed
with Bonferroni correction when necessary.

Wilcoxon-Mann-Whitney tests were used to assess differences
in age between HC and patients with MS and in disease
duration between patients with RRMS and those with PMS.
Fisher exact tests were used to determine whether there were
significant differences in the proportion of sex and TSPO
genotype between HC and patients with MS and treatment
and disability worsening category among patients with RRMS

Neurology.org/N
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Figure 3 Periventricular Gradient of Innate Immune Cell
Activation in the WM of Patients With MS
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Boxplots represent the percentage of voxels characterized by a significant
activation of innate immune cells (DPA+) in (A) the total white matter (WM),
(B) the normal-appearing WM, and (C) T2 lesions in patients with multiple
sclerosis (MS) (red) and in the WM of healthy controls (blue), calculated in 3-
mm-thick concentric rings radiating from the ventricular CSF toward the
cortex. Solid lines represent the mixed-effect model fits obtained at the
population level for both groups.

and PMS. Ordered logistic regression models were used to
test differences in EDSS and EDSS step changes between
RRMS and PMS.

Relationship Between Innate Immune Cell Activation
and Distance From Ventricular CSF

To evaluate the relationship between the percentage of DPA+
voxels, reflecting innate immune cell activation, and the dis-
tance from the ventricular CSF, we used 3 separate linear
mixed-effects models (package lme4) for the whole white
matter, normal-appearing white matter, and T2 lesions. Each
model included the percentage of DPA+ voxels in each ring as
the dependent variable and the following independent vari-
ables: (1) ring distance from CSF, (2) group (HC or patients
with MS), and (3) interaction between ring distance from
CSF and group. To further investigate the contribution of T2
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lesions to the spatial distribution of DPA+ voxels in the
normal-appearing white matter, we used an additional linear
mixed-effects model in patients only in which the percentage
of DPA+ voxels in the normal-appearing white matter was
included as a dependent variable and the ring distance from
CSF and percentage of lesional voxels in each ring were in-
cluded as independent variables. In all models, participants
and ring distance from CSF were considered random effects
to account for participant variability. Because the percentages
of DPA+ voxels were calculated in rings with different vol-
umes, we assigned a weight to each data point corresponding
to the number of voxels used to calculate each percentage,
reflecting the degree of precision of each data point. As a
result, percentages calculated on few voxels (i.e., rings near
cortex due to presence of cortical gyri) had a low impact on

the model fit.

In these models, the relationship between the percentage of
DPA+ voxels and the ring distance from the ventricular CSF
was described by the intercept and slope parameters of a linear
model: an intercept represents the estimated percentage of
DPA+ voxels, reflecting the extent of activated innate immune
cells, at the closest proximity to the CSF; and a slope reflects
the rate of change in the percentage of DPA+ voxels with
distance from the ventricles. Both parameters were obtained
as linear combinations of the model coefficients, which were
simultaneously estimated at both the population level (e.g., in
HC and patients with MS) and the single-participant level.

For each model, differences of intercept and slope between
HC and patients with MS were tested with ¢ tests on the
estimated population parameters.

To compare the relationship between the percentage of DPA+
voxels and the distance from the ventricular CSF between MS
subgroups (RRMS and PMS) and HC in white matter, normal-
appearing white matter, and T2 lesions, linear regression
models were used, including the intercept and slope parameters
estimated at the single-participant level as dependent variables
and group with the covariates age, sex, and presence of disease-
modifying treatment as independent variables.

Relationship Between Innate Immune Cell Activation
and Microstructural Damage

An identical statistical procedure to that described above for the
innate immune cell activation was then repeated to describe the
relationship between MTR values, reflecting microstructural
damage, and the distance from ventricular CSF in the white
matter. In this case, each model returned the following param-
eters: an intercept, reflecting the estimated MTR value at the
closest proximity to the CSF, and a slope, representing the rate of
change in MTR values with distance from the ventricles. These
parameters were simultaneously estimated at the population
level and at the single-participant level.

To investigate whether the innate immune cell activation was
associated with microstructural damage at the closest
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Table 2 [ '8F]-DPA714 PET- and MTR-Derived Measurements at the Population Level

DPA+ Voxel

MTR

Normal-Appearing

White Matter White Matter T2 Lesions White Matter

Participants Slope, Slope, Slope, Intercept, Slope,

Group Intercept, % % mm~"' Intercept, % % mm™' Intercept, % % mm™" pu pumm™’

HC 17.42 £ 9.66 -0.22 + 47.05 +1.05 -0.049 +0.017
0.22

Ms 39.01£17.15 -0.76 37.01 £16.52 -0.67 £+ 0.54 53.28 +21.88 -0.78 £0.72  44.63+2.16 0.044 + 0.068
0.62

RRMS 3332+16.12 -0.70% 31.15+15.10 -0.60 + 0.63 50.51 +22.38 -0.72+0.86  45.05+2.06 0.044 +0.050
0.73

PMS 41.42 +17.31 -0.79 = 39.48 £ 16.74 -0.70 £ 0.51 54.44 +22.01 -0.81 £ 0.67 4445 +2.22 0.044 £+ 0.075
0.58

Stable 30.68 + 14.33 -0.61 % 28.58 £ 13.30 -0.51 £ 0.46 46.56 + 24.42 -0.67 £ 0.74 4497 +1.63 0.029 £+ 0.039
0.54

Worsening 43.52+17.12 -0.85 ¢ 41.57 £ 16.52 -0.75+£0.58 56.91 £ 19.97 -0.84 £0.72 4444 +2.43 0.053 + 0.080
0.65

Abbreviations: DPA+ = voxels characterized by a significant activation of innate immune cells; HC = healthy controls; MS = multiple sclerosis; MTR =
magnetization transfer ratio; PMS = progressive MS; pu = percentage units; RRMS = relapsing-remitting MS.

proximity to the CSF in white matter, we used partial
Spearman correlations between the intercepts of single-
patient percentage of DPA+ voxels and mean MTR, ad-
justed for age, sex, and presence of disease-modifying
treatment.

To assess whether the rate of change in innate immune cell
activation with distance from the ventricles was associated with
the rate of change in microstructural damage in white matter, we
used partial Spearman correlations between the slopes of single-
patient percentage of DPA+ voxels and mean MTR, adjusted for
age, sex, and presence of disease-modifying treatment.

Spatial Distribution of Innate Immune Cell Activation:
Relationship With Cortical Thickness and Clinical Scores

We investigated the relationship between DPA+ voxel intercept
and slope in periventricular areas (white matter, normal-appearing
white matter, and T2 lesions) and cortical thickness using partial
Spearman correlations and their difference between clinically
worsening and clinically stable patients using linear regression
models. All analyses were adjusted for age, sex, and presence of
disease-modifying treatment.

The differences between clinically worsening and clinically
stable patients in the percentage of DPA+ voxels intercepts
and slopes in periventricular areas (white matter, normal-
appearing white matter, and T2 lesions) were tested with
linear regression models adjusted for age, sex, and presence of
disease-modifying treatment.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.
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Results

Demographics

Demographic and clinical characteristics of the recruited
participants are reported in table 1. No significant differences
were found between HC and patients with MS in age (p =
0.96), sex (p = 0.56), and TSPO genotype (p = 0.41).

Patients With MS Show a Periventricular
Gradient of Innate Immune Cell Activation
Patients with MS had a higher percentage of DPA+ voxels
compared to HC in the white matter at the closest proximity to
the ventricles (intercept for patients 39.0 + 17.2%, intercept for
HC 174 £9.7%, t = 5.01, p = 6.10e-6; figure 3A and table 2). The
percentage of DPA+ voxels decreased —0.76 + 0.62% (¢ = —7.00,
p = 3.39-8) for each 1 mm of distance from the CSF in patients
with MS, while it remained stable in HC (slope for HC -0.22 +
022% - mm ", t = =173, p = 0.090), resulting in a significant
difference between the gradient in the 2 groups of -0.54 +
0.16%'mm ™" (mean * standard error, t = —3.46, p = 0.001).

A similar regional distribution of innate immune cell activation
was found when normal-appearing white matter and T2 lesions
were analyzed separately (figure 3, B and C, respectively).
Compared to the white matter of HC, patients with MS showed
a higher percentage of DPA+ voxels at the closest proximity to
the ventricles and a steeper slope in both normal-appearing white
matter (intercept 37.0 + 16.5%, t = 4.70, p = 1.83e-S; slope —0.67
+0.54%mm ", t = -3.19, p=237e-3) and T2 lesions (intercept
53.3+21.9%, t=6.50, p = 5.09e-8; slope —0.78 + 0.72%-mm", t
=-2.49,p=0.018) (table 2). Moreover, in the normal-appearing
white matter of patients with MS, the percentage of DPA+ voxels
was found to be associated not only with the distance from
ventricles but also with the percentage of lesional voxels in each

Neurology.org/N
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Figure 4 Relationship Between Innate Immune Cell Activation and MTR in the Periventricular WM
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periventricular ring (f = =5.59, p = 1.64e-6; t = 6.63, p = 1.00e-
10; respectively).

When we performed the patient subgroup analysis, while the pa-
tients with PMS showed a higher level of innate immune cell
activation in the periventricular white matter, normal-appearing
white matter, and T2 lesions and steeper slopes compared to pa-
tients with RRMS, these differences were not statistically significant
(table 2 and table e-2, data available from Dryad, doi.org/10.5061/
dryad.z612jm69r).

Association Between Innate Immune Cell
Activation and Microstructural Damage in
Periventricular White Matter

In white matter, patients with MS had a lower mean MTR
compared to HC at the closest proximity to the ventricles

Neurology.org/N

(intercept for patients 44.6 + 2.2 pu, intercept for HC 47.1 +
1.1 pu, t = -3.88, p = 3.37e-4; figure 4A and table 2). The
mean MTR increased 0.044 + 0.068 pu (= 3.12, p = 3.89¢-3)
for each 1 mm of distance from the CSF in patients with MS,
while it decreased 0.049 * 0.017 pu (t = -2.70, p = 0.01) in
HC, resulting in a significant difference between the 2 groups
0f 0.093 + 0.022 pu'mm_1 (mean = standard error, t = 4.27, p
= 1.09e-04).

In patients with MS, a higher percentage of DPA+ voxels
was significantly associated with a lower mean MTR at the
closest proximity to ventricular CSF (r, = —0.53, p =
0.0024) (figure 4B). Moreover, the decreasing rate of the
percentage of DPA+ voxels with distance from the ventri-
cles was associated with a corresponding increasing rate of
mean MTR (r, = —0.65, p = 1.0e-3) (figure 4C).
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Periventricular Activation of Innate Immune
Cells Is Associated With Cortical Thickness and
Is Higher in Clinically Worsening Patients

The association between a higher percentage of DPA+ voxels
at the closest proximity to ventricular CSF and a reduced
cortical thickness was not significant in the total white matter
(r¢ = —0.33, p= 0.058). However, this association was sig-
nificant in the normal-appearing white matter (ry=-0.34, p=
0.0497) but not in T2 lesions (r, = -0.25, p = 0.15). The
decreasing rate of the percentage of DPA+ voxels with dis-
tance from the ventricles was not associated with the cortical
thickness (white matter: r, = 0.20, p = 0.27; normal-appearing
white matter: r, = 0.23, p = 0.19; T2 lesions: r, = 0.17, p
=0.33).

Compared to patients who remained stable over the 2 years
preceding study entry, clinically worsening patients had a
significantly higher percentage of DPA+ voxels at the closest
proximity to ventricular CSF in the whole white matter (in-
tercept for clinically worsening patients 43.5 + 17.1%, in-
tercept for clinically stable patients 30.7 + 14.3%, t = 2.20,p =
0.035; figure SA). The difference in the slopes between clin-
ically worsening and clinically stable patients was not signifi-
cant (slope for clinically worsening patients —0.85
0.65%-mm", slope for clinically stable patients —0.61
0.54%mm ™", t = -1.29, p = 0.21).

+
+

When normal-appearing white matter and T2 lesions were
analyzed separately, clinically worsening patients showed a
higher percentage of DPA+ voxels at the closest proximity to
the ventricles only in the normal-appearing white matter
(intercept for clinically worsening patients 41.6 + 16.5%, in-
tercept for clinically stable patients 28.6 + 13.3%, t = 2.35,p =
0.025; figure SB) but not in T2 lesions (intercept for clinically
worsening patients 56.9 + 20.0%, intercept for clinically stable
patients 46.6 + 24.4%, t = 1.21, p = 0.24; figure SC). The
difference in the rate of decrease in the percentage of DPA+
voxels with distance from the ventricular CSF was not sig-
nificant between clinically worsening and clinically stable
patients in the normal-appearing white matter (slope for
clinically worsening patients —0.75 % 0.58%-mm ", slope for
clinically stable patients —0.51 + 0.46%-mm ", t = -1.50, p =
0.14), nor in T2 lesions (slope for clinically worsening pa-
tients —0.84 £ 0.72% mm ", slope for clinically stable patients
~0.67 £ 0.74%-mm"", t = —0.60, p = 0.55).

Discussion

In this study, we generated individual maps of TSPO binding
based on ['*F]-DPA714 PET to explore the regionalization of
activated innate immune cells as a function of the distance
from ventricular surface in a group of patients with MS
compared with HC. We demonstrated that in patients with MS
the innate immune cell activation was higher at the closest
proximity to the ventricular CSF and declined with increasing
distance from the ventricles, particularly in clinically worsening
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Figure 5 Periventricular Innate Immune Cells Activation
Associates With Clinical Trajectories of Disability
Worsening
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Boxplots represent the percentage of voxels characterized by a significant
activation of innate immune cells (DPA+) in (A) the total white matter, (B) the
normal-appearing white matter, and (C) T2 lesions of clinically stable pa-
tients (green) and clinically worsening patients (pink) calculated in 3-mm-
thick concentric rings radiating from the ventricular CSF toward the cortex.
Solid lines represent the mixed-effect model fits obtained at the population
level for both groups.

compared to clinically stable patients. Moreover, we found that
the decreasing rate of active innate immune cells with distance
from the ventricles was associated with a corresponding in-
crease in the rate of microstructural damage, as measured
by MTR.

Several biological mechanisms may underlie the particular
brain regionalization of innate immune cell activation and
corresponding microstructural damage that we found in our
study in patients with MS. Periventricular tissues are known to
be a preferential localization of MS plaques that originate from
an acute adaptive immunity response around postcapillary
Subsequent upregulation and downregulation
of lymphocytes T and B surface molecules were identified as a
potential mechanism driving the persistence and compart-
mentalization of the inflammatory response in some estab-
lished lesions.>”** This compartmentalized inflammation may

. 1
vems .3
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result in the secretion of proinflammatory mediators that could
diffuse in surrounding periventricular areas and induce a per-
sistent activation of innate immune cells. One interesting
candidate molecular signal could be fibrine, which has been
shown to be able to invade the perivenular space and to pro-
mote the activation of microglia and the recruitment of pe-
ripheral inflammatory macrophages into the CNS.>*%

In our study, when looking separately at normal-appearing white
matter and T2 lesions in periventricular regions, we found a
gradient of innate immune cell activation in both compartments.
This higher activation of innate immune cells might therefore also
be explained by the diffusion of soluble factors localized in the
CSF, which could exert a deleterious role on tissues localized near
the inner surface of the brain, both inside and outside de-
myelinating lesions. CSF-derived soluble factors from patients
with MS have already been shown to induce neuronal damage in
vitro,®® with a few candidate molecules identified such as
ceramide,”” semaphorine 4A,** and HERV-W Env proteins.” An
increased level of proinflammatory cytokines in the CSF of
postmortem cases of MS (interferon-y, tumor necrosis factor,
interleukin-2, interleukin-22, chemokine [ C-X-C motif] ligand 13
and 10, lymphotoxin-a, interleukin-6, interleukin-10) was also
shown to correlate with meningeal inflammation and extended
gray matter tissue damage in subpial cortical regions.’ A re-
gionalization of innate immune cell activation in cortical regions
facing the inflamed CSF, which was spatially associated with
enhanced demyelination and neuronal death in the outer cortical
layers, was also described in postmortem samples.>***~** Be-
cause the CSF is a highly dynamic compartment with large ex-
changes between the subarachnoid space and the ventricles, our
results could suggest that a mechanism similar to the one at play
in cortical regions facing the CSF may also underlie the severe
microstructural damage affecting periventricular white matter. In
addition, the infiltration of inflammatory cells through the more
permeable blood-to-CSF barrier has been described as an early
and sustained event in the experimental autoimmune encephalitis
model of MS.*** Whereas their number is generally mild, the
long-lasting presence of inflammatory cells in the CSF com-
partment of patients with MS could also contribute to the
pathologic process, enhancing the parenchymal infiltration of
immune cells and/or inducing a diffuse damage in tissues adja-
cent to the CSF, that is, periventricular areas and subpial cortex.
According to these hypotheses, inflammatory/cytotoxic media-
tors and/or inflammatory cells released in the CSF would induce
a gradient of innate immune cells activation in surrounding tis-
sues. It is possible, however, that in the normal-appearing white
matter this gradient depends from the proximity to both CSF and
white matter lesions; we found an independent contribution of
the distance from ventricles and of T2 lesions to the spatial
distribution of DPA+ voxels.

Whatever the mechanism underlying the selective periven-
tricular activation of innate immune cells may be, this gradient
provides one explanation for the predominant tissue loss
described in the same region by MRI***'® because a sig-
nificant correlation between the periventricular gradient of
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innate immune cell activation and that of microstructural
damage in the white matter was shown.

Although these hypotheses should be further explored by future
experimental and pathologic studies, a novel concept of the
mechanisms underlying tissue damage in MS could be proposed
in which periventricular innate immune cell activation plays a key
role in the cascade of events leading to neurodegeneration and
ultimately to disease progression. Our results are in line with
previously published data highlighting the clinical relevance of
the periventricular gradient of microstructural damage specifi-
cally characterizing the normal-appearing white matter.’ We
found a significant association between periventricular neuro-
inflammation, disability trajectories, and cortical damage in the
normal-appearing white matter only, suggesting that the con-
tribution of innate immune system to neurodegeneration may
not be restricted to a more destructive fate or a lack of repair
within MS lesions. How neuroinflammation in the periven-
tricular regions could ultimately result in tissue damage and
neurologic disability remains unclear, but the cascade of events
may potentially involve oxidative and energetic dysregulation,
followed by wallerian or dying-back axonal degeneration.*

This study has potential limitations that should be taken
into account in the interpretation of results. First, TSPO
PET tracers have a suboptimal specificity for innate im-
mune cells because they can also bind to reactive astrocytes
and endothelial cells.**™*® Postmortem evidence has in-
dicated that TSPO+ vascular endothelium accounted for
<5% of the TSPO+ cells, with no difference in vascular
expression between patients with MS and HC in the white
matter.*” These findings, together with the methodology
used to identify DPA+ voxels that classifies each voxel
according to the mean binding found in the same voxel of a
group of controls, argue for a negligible bias induced by the
vascular binding in our study. In contrast, in active lesions
and in the rim of chronic active lesions, astrocytes con-
stitute up to 25% of TSPO-expressing cells,*” and our
methodology does not allow discriminating between the
innate immune and the astrocytic contribution underlying
the increased binding of ['*F]-DPA714. Further studies
are therefore needed to check whether TSPO expression in
astrocytes is indeed linked to a proinflammatory state,
contributing with microglial cells to the deleterious neu-
roinflammatory environment in MS, as already shown in
the experimental allergic encephalomyelitis model.*’

Another limitation is that TSPO tracers do not currently allow
the differentiation between proinflammatory and regulatory
innate immune cells.*” However, the correlation found be-
tween a higher activation of innate immune cells and a more
severe microstructural damage in the periventricular region,
together with the neuropathologic evidence that in MS lesions
homeostatic microglial cells are downregulated while proin-
flammatory microglial cells predominate,®® suggest that the
TSPO binding detected in this study might reflect mainly the
activation of proinflammatory innate immune cells.
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Finally, the cross-sectional design of our imaging study does not
allow us to establish whether the periventricular gradient of innate
immune activation chronologically follows or precedes (and is
therefore potentially responsible for) the gradient of micro-
structural damage demonstrated with MTR. Moreover, we can-
not fully exclude that part of the periventricular gradient of MTR
change is directly linked to inflammation because MTR was
shown to be sensitive to neuroinflammation.>® Therefore, only
longitudinal prospective studies combining imaging markers of
innate immune cell activation and microstructural damage would
have the potential to define the exact sequence of pathologic
events and to identify the predictive value of the periventricular
gradient of innate immune cell activation in the development of
brain atrophy and disability progression.

Of note, the moderate quality of some MT acquisition has
led to the exclusion of some participants from the MTR
analysis, limiting the investigation of the relationship be-
tween innate immune cell action and microstructural
damage to a subsample of our data, including 33 patients
and 14 HC. Because the MT acquisition consists of 2 ac-
quisitions, with and without the MT pulse, particular cau-
tion should be taken with the registration between them, as
well as movement artifacts that might compromise data.

In conclusion, we were able to identify a pathologic substrate
for the periventricular gradient of microstructural damage that
characterizes MS, consisting of a gradient of innate immune
cell activation, reflected by ['*F]-DPA714 binding. In com-
bination with previous postmortem investigations, these re-
sults suggest that tissue pathology in MS occurs preferentially
at or near the inner surface of the brain and is possibly linked
to the proximity to the ventricular CSF and mediated by
innate immune cell activation. Further work is needed to
clarify the potential role of factors such as CSF mediators and
intrathecal inflammation in the pathogenesis of lesional and
nonlesional abnormalities in MS.
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