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Worse Physical Disability Is
Associated With the Expression of
PD-1 on Inflammatory T-Cells in
Multiple Sclerosis Patients With
Older Appearing Brains
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James H. Cole '™ and Richard Nicholas?*

! Department of Computer Science, Centre for Medical Image Computing, University College London, London,
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Background: Magnetic Resonance Imaging (MRI) analysis method “brain-age”
paradigm could offer an intuitive prognostic metric (brain-predicted age difference:
brain-PAD) for disability in Multiple Sclerosis (MS), reflecting structural brain health
adjusted for aging. Equally, cellular senescence has been reported in MS using T-cell
biomarker CD8+TCD57+.

Objective: Here we explored links between MRI-derived brain-age and blood-derived
cellular senescence. We examined the value of combining brain-PAD with
CD8TCD57H(ILT2TPD-17) T-cells when predicting disability score in MS and considered
whether age-related biological mechanisms drive disability.

Methods: Brain-age analysis was applied to T1-weighted MRI images. Disability was
assessed and peripheral blood was examined for CD8+CD57+ T-cell phenotypes. Linear
regression models were used, adjusted for sex, age and normalized brain volume.

Results: We included 179 mainly relapsing-remitting MS patients. A high brain-PAD
was associated with high physical disability (mean brain-PAD = +6.54 [5.12-7.95]).
CD8TCD57H(ILT2TPD-17) T-cell frequency was neither associated with disability nor
with brain-PAD. Physical disability was predicted by the interaction between brain-PAD
and CD8+CD57+ILT2+PD-1+ T-cell frequency (AR? = 0.196), yet without improvement
compared to brain-PAD alone (AR? = 0.206; AICc = 1.8).

Conclusion: Higher frequency of CD8TCD57+ILT2+PD-1+ T-cells in the peripheral
blood in patients with an older appearing brain was associated with worse disability
scores, suggesting a role of these cells in the development of disability in MS patients
with poorer brain health.
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INTRODUCTION

Magnetic Resonance Imaging (MRI) has played a pivotal
role in multiple sclerosis (MS) diagnostics and disease course
predictions (1). However, the relationships between imaging
markers and clinical outcome are inconsistent and predicting
disease course remains challenging. Recent research showed the
promising prognostic value of the so-called “brain age” paradigm
in MS (2-4). Brain age uses machine learning to analyze
structural MRI data and models healthy aging using a large
independent “training” dataset of healthy adults, resulting in a
robust biomarker based on neuroimaging measures of atrophy
(5). Brain-predicted age difference (brain age—chronological age;
brain-PAD) is a simple metric for structural brain health adjusted
for brain changes due to healthy brain aging, in which a higher
brain-PAD reflects lower brain volumes and thus poorer brain
health (5).

In a large multi-center study, Cole et al. (3) found that
MS patients had an elevated brain-PAD of 10.3 years, which
was positively correlated with higher disability score at study
assessment. Longitudinally, an increase in brain-PAD was
correlated with worsened disability and it predicted disability
progression over the course of 3.4 years (3). However, normalized
brain volume (NBV) was a better predictor of disability
progression, indicating that brain-PAD is a useful biomarker
but not suitable to replace conventional prognosis methods (3).
To improve the performance of brain-PAD as a prognostic
biomarker, earlier research combined brain-PAD with other
aging-related molecular biomarkers (6, 7). For example, Cole
et al. combined information on DNA-methylation patterns and
telomere length with brain-PAD in order to predict mortality
risk (6). While telomere length could not predict mortality risk
either alone or in combination with brain-PAD, information
on DNA-methylation patterns (the epigenetic “clock”) together
with brain-PAD outperformed the predictive value of brain-PAD
alone. Seemingly, combining brain-PAD with other aging-related
biomarkers could be a promising prognostic tool, which may be
relevant to MS (6, 8).

During healthy aging, systematic low-grade chronic
inflammation is known to develop, whereby older age is
associated with changes in phenotype and functioning of
inflammatory markers, a process termed “inflamm-aging” (9).
For example, an older age is associated with accumulation of
CD8TCD571 T-cells (10, 11). These senescent CD8+TCD57+ T-
cells are powerful releasers of cytotoxic granules, and modulated
by the activation of the inhibitory receptors programmed death
1 (PD-1) and immunoglobulin-like transcript 2 (ILT2) (12, 13).
In MS, Cencioni et al. found an increase in PD-1 expressing
CD81TCD57" T-cells in peripheral blood (PB) during clinical
remission but not relapse (13). A weak linear correlation between
PD-1 and ILT2 was found, suggesting independent functioning
of these two receptors. The importance of PD-1 expression
on CD8TCD571 T-cells was substantiated by examining post-
mortem material of fast-progressing MS patients where a high
level of CD8*TCD57"PD-1" T-cells was found in the inflamed
meninges, suggesting an involvement of these inflammatory cells
in MS progression (13).

Combining neuroimaging-derived brain age with blood-
derived CD8TCD571 T-cell levels could potentially help improve
prognostics in MS (7). Moreover, it might shed light on the
biological mechanisms that drive disease progression in MS
and how these mechanisms relate to the biology of aging.
Here, we studied the utility of combining MRI brain age with
measures of CD8TCD57(ILT2PD-17") T-cells in predicting
disability in a predominantly relapsing-remitting MS (RRMS)
patient cohort (n = 184, 19-65). The following hypotheses
were tested: (i) a greater brain-PAD is associated with a higher
Expanded Disability Status Scale (EDSS) score and a higher
CD81tCD57"(ILT2tPD-17) T-cell frequency in PB; (ii) a higher
EDSS-score is associated with a higher CD8tCD57ILT2*PD-
1" T-cell frequency; and (iii) a higher CD8§*CD57TILT2TPD-1*
T-cell frequency combined with a higher brain-PAD is associated
with a higher EDSS-score.

MATERIALS AND METHODS

Participants

This observational study used routinely collected data of 184
patients (aged 18-63), collected between 2010 and 2012 by the
Patient Research Cohort Rapidly Evolving Multiple Sclerosis
Study (PRC-REMS) at Imperial College London. Data collection
was conducted in accordance with the principles of Good Clinical
Practice (GCP), in approval of the London-Chelsea Regional
Ethics Committee (NCT01044576). All patients were highly
active and/or had treatment-refractory MS activity, and were
diagnosed with predominantly RRMS according to the revised
2005 McDonald Criteria (14). A small minority of patients
suffered from secondary progressive MS (n = 6) or primary
progressive MS (n = 1). Exclusion criteria were pregnancy, renal
impairments, claustrophobia, diagnosed > 15 years ago, and a
Kurtzke EDSS-score > 6.

Patients underwent a T1-weighted MRI brain scan, blood
sampling and various tests were done to assess physical
disability and cognition. Blood samples were obtained before
any corticosteroid therapy. The patients’ disease phase was
categorized as “active” if they suffered from 2 or more clinical
relapses in the 12 months prior to enrolment and if they
presented gadolinium-enhancing lesions on the MRI. Patients
were other categorized as “stable.” Treatment type was recorded
at study enrolment. Some of the patients participating in this
study were included in two previous studies (15, 16). Prior to data
collection, all participants provided written informed consent.

Physical and Cognitive Testing

The EDSS was used to evaluate functional systems (17); the 25-
foot walk test (25-FWT) measured lower extremities functioning;
and the nine-hole peg test (9-HPT) measured functioning of the
upper extremities. Reciprocal score of the 9-HPT was used in the
analysis in which a smaller reciprocal score represented worse
functioning of the upper extremities. Furthermore, cognitive
performance was obtained using the paced auditory serial
addition test (PASAT), assessing processing speed, calculation
abilities and flexibility (18). A higher PASAT-score reflects better
cognitive functioning.
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Blood Sampling

After venous puncture, PB mononuclear cells from blood
samples were separated according to standard protocols by
density gradient over Ficoll-Hypaque (Pharmacia, Uppsala,
Sweden) (19). Subsequently, surface staining was performed
using anti-human antibodies: CD57, CD8, PD-1, IL-T2, (BD
Biosciences, UK) according to previous described protocols (13,
20). Then, the cells were acquired to FACScalibur flow cytometer
(BD UK Limited, Berkshire, UK) and FCS files were analyzed
with Flow]Jo software (FlowJo, LLC).

Magnetic Resonance Imaging Acquisition
Scans were acquired on a single scanner using a 3T clinical MR
system (Magnetom Verio, Siemens Medical Solutions, Erlangen,
Germany). For reception, a 12-channel phased head coil system
was used. T1-weighted 3-dimensional (3D) Magnetization
Prepared Rapid Gradient Echo (MP-RAGE) images of the
brain were obtained. MRI acquisition was done similarly to
the protocol guidelines established in the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) study (21). Only few parameters
were deviating: a 1 mm isotropic resolution and 160 sagittal
sections in a single 3D slab was used, with an echo time (TE) of
366 ms; a repetition time (TR) of 3,000 ms; a parallel imaging (PI)
factor of 2 and 256 x 192 mm field of view (FOV) in 5 m:21 s. For
more detailed information about the MRI acquisition settings, see
Lema etal. (15).

Brain-Predicted Age Difference Analysis
Similar to a previously established protocol, biological brain
age was calculated using brainageR software (version 2.1,
October ~ 2019;  https://github.com/james- cole/brainageR)
(5, 22). One hundred and eighty four structural T1-
weighted images were pre-processed using SPM12 software
(www.fil.ion.ucl.ac.uk/spm/software/spm12/) generating GM,
WM and CSF segmentations. Five participants were excluded
after visual quality control due to inaccurate segmentation.
Then, non-linear registration of the segmented GM, WM and
CSF images of the remaining 179 patients was done using a
custom template created based on a predefined healthy training
dataset. Finally, using SPM-DARTEL, images were registered
to Montreal Neurological Institute (MNI) 152 space (voxel
size = 1.5 mm?®), modulated and smoothed (4 mm). Summary
volumetric measures of GM, WM, CSF and intracranial
volume (ICV) were generated. Then, a predefined machine-
learning model of healthy brain aging (independent dataset of
n = 3,377 healthy individuals, aged 18-92 years, screened for
comorbidities) was used, based on principal components analysis
(PCA) of processed volumetric neuroimaging data, retaining
80% of the variance. To generate biological brain-predicted ages,
PCA loadings were used to weight to the current processed
neuroimaging data before the coefficients of the trained model
were applied to give a brain-predicted age per participant.
Brain-PAD was calculated by subtracting chronological age from
brain-predicted age. No automatic correction for a statistical
dependency of brain-PAD on chronological age was done.

Statistical Analysis

Statistical analyses were performed using R version 4.0.3.
Pearson’s (r) or Spearman’s (r;) correlation was done between
the clinical and demographical variables. Multiple-comparison
correction was done using the false discovery rate (FDR).
Multiple linear regression models were used to investigate the
relationship of brain-PAD with clinical outcomes and potential
blood markers in MS. The contribution of these models to the
variance seen in the outcome variable is shown by the R?, where a
R? of 1.0 represents 100%. To correct for the amount of predictors
used in the models, the adjusted R* (AR?) was used. Additionally,
the standardized beta coefficient (8) is used to assess the
independent influence of the predictor variables on the outcome
variable. Every unit increase in the predictor variable, the
outcome variable will increase or decrease by the value of the beta
coeflicient. Differences between disease phases and treatment
groups were analyzed with an ANOVA or its non-parametric
equivalent the Kruskal-Wallis test. Multicollinearity was tested,
and standardized residuals were checked for normality. To
establish whether brain volume measurements were driving
variability in brain-PAD, a linear regression with hierarchical
partitioning of variance was performed with age, sex, and the
distinct brain volumes as predictors. The best model performance
was reviewed using Akaike information criterion (AIC) modeling
corrected for small sample sizes (AICc).

RESULTS

Population Characteristics

Demographics and clinical characteristics of the PRC-REMS
cohort are shown in Tablel. Only patients diagnosed
within the last 15 years were included in this study, though
some suffered from symptoms before clinical diagnosis

and therefore have a longer disease duration as shown
in Table 1.

Higher EDSS-Score Is Associated With
Higher Age at Onset, Longer Disease
Duration, Higher Chronological Age at

Scan and Lower Cognitive Performance

Higher age at scan was correlated with higher age at MS onset
(rs = 0.85, p < 0.001) and longer disease duration r; = 0.29,
p < 0.001). Higher EDSS-score at scan was correlated with higher
age at scan (r; = 0.36, p < 0.001); longer disease duration
(rs = 0.24, p = 0.001); and higher age at onset (r; = 0.21,
p = 0.006). Furthermore, higher EDSS-score at screening was
correlated with lower PASAT-score (r; = —0.25, p = 0.001),
showing that higher physical disability was associated with
lower cognitive functioning. The PASAT-score did not correlate
with screening age, age at onset or disease duration (p >
0.05). Higher 25-FWT-score was correlated with lower PASAT-
score (r; = —0.28, p < 0.001); higher EDSS-score (r; = 0.58,
p < 0.001); and higher 9-HPT-score (r; = —0.51, p < 0.001).
Worse performance on the 25-FWT was correlated with higher
age at scan (rg = 0.157, p = 0.048), but not with age at
MS onset or disease duration (p > 0.05). Furthermore, lower
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TABLE 1 | Demographic and clinical characteristics patient cohort.

Multiple sclerosis patients

Demographic characteristics
N 179

136 (76%)
38.12 + 8.37 [18-63]
33.66 + 8.51 [16-63]

Female, n (%)

Age (years), mean (SD) [range]

Age at onset (years), mean (SD) [range]
Disease duration (years)

Mean (SD) 458 +4.13

Median [range] 3 [0-21]
Patients on DMT, n (%)

Yes 68 (38.0%)

No 57 (31.8%)

Unknown 54 (30.2%)

Clinical evaluation

MS classification, n (%)

RRMS 172 (96.1%)

PPMS 1(0.6%)

SPMS 6 (3.3%)
EDSS, median [range] 3[1.5-6]
Disease phase, n (%)

Stable 120 (67.0%)

Active 38 (21.3%)

Unknown 21 (11.7%)

Treatment type, n (%)

Off treatment 99 (55.3%)
Interferon-beta 49 (27.4%)
Glatiramer acetate 25 (14.0%)
Tysabri 6 (3.3%)

SD, standard deviation; DMT, disease modifying treatments, use on moment of blood
sampling; MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; PPMS,
primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis;
EDSS, expanded disability scale status at study assessment; Active Disease Phase,
enhanced lesions are present and the patient suffered > 2 Relapses in the year before
study enrolment; Unknown Disease Phase, the amount of relapses in the past year is
unknown and/or the presence of enhanced lesions is unknown; Stable Disease Phase,
the amount of relapses in the past year is <2 and/or enhanced lesions are not present.
Treatment Type was registered at the start of study enrolment.

performance of the upper extremities (9-HPT) was correlated
with higher EDSS-score (r;= —0.50, p < 0.001) and worse
cognitive performance measured by the PASAT test (PASAT,
rs = 0.21, p = 0.01). The 9-HPT was not correlated with either
age at MS onset, age at scan nor with disease duration (p > 0.05)
(Figure 1). Neither treatment type nor disease phase were related
to EDSS-score.

Worse Physical Disability Is Associated

With Older Appearing Brains in MS

The average brain-PAD in the mainly RRMS patient group was
6.54 [95% confidence intervals (CI): 5.12, 7.95] (RRMS n = 172,
SPMS n = 6, PPMS n = 1). First, it was examined to what extend
GM-, WM- and CSF volume, sex and age at scan was driving
variability in brain-PAD through hierarchical partitioning of
variance. Altogether, an adjusted R?> (AR?) = 0.67 of the variance

in brain-PAD was explained by the model. CSF (45.8%), GM
(29.7%), WM (6.6%) and age at scan (17.9%) were independently
contributing to this variance in brain-PAD whereas sex did not.
As previous brain age studies have incorporated sex as covariate,
statistical relevance for adjustment was implied and therefore sex
was taken into account as a covariate (2, 3, 6). To avoid multi-
collinearity, NBV was taken into account as a covariate along with
age at scan and sex.

First, in bivariate analyses, higher Brain-PAD was found to
be associated with both younger age at scanning (r = —0.16,
p = 0.027) and younger age at onset of MS (r = —0.18, p =
0.011), whereas no correlation was found with disease duration
(p = 0.22). Then, a linear regression model was performed with
brain-PAD as independent variable. Brain-PAD was correlated
with higher EDSS-score (AR?> = 0.206, 8 = 0.32, p < 0.01);
higher 25-FWT-score (AR* = 0.14, 8 = 0.47, p < 0.001); and
higher 9 HPT-score (AR?> = 0.15, 8 = —0.24, p = 0.03) (Table 2).
The correlation between brain-PAD and PASAT-score was not
significant when adjusting for covariates. These results indicate
an association between higher brain-PAD and worse physical
but not cognitive performance on the PASAT. No influence of
treatment on brain-PAD was found nor was there an influence of
disease phase, even though brain-PAD was higher in the group
of patients with enhanced lesions than without (mean brain-
PAD: 5.4 and 9 respectively, p = 0.042). However, given that the
presence of enhanced lesions did not explain any of the variance
observed in brain-PAD, this was not taken further into account
as a covariate.

No  significant  correlation ~ was  seen  between
CD8'TCD57T(ILT2tPD-17) T-cell frequency and clinical
disability =~ measures (physical/cognitive), brain-PAD,
chronological age or disease phase (p > 0.05). Treatment
type, however, did have a significant influence on
CD81TCD57TILT2 PD-11 T-cell frequency; a higher T-cell
frequency was found in the patient group taking interferons
(n = 49) compared to the off-treatment group (n = 99;
mean difference = 6, p = 0.04). No independent predictive
value of CD8TCD57" T-cell level on disability score was
found when combined with brain-PAD (p > 0.05). Yet, after
adjusting for sex, age at scan and NBV, a higher EDSS-score
was predicted by the interaction between a higher brain-PAD
and a higher CD87CD57% T-cell frequency [F(432 = 6.93,
p = 0.041] (Figure 2A). In more detail, those who had a higher
CD8'TCD57TILT2TPD-1" T-cell frequency combined with a
higher brain-PAD were predicted to have a higher EDSS-score
[F(4,139) = 9.71, p < 0.001] (Figure 2B). A similar interaction
effect was found when predicting 25-FWT-score [F(4121) = 5.66,
p < 0.001] (Figure 2C). However, AIC modeling showed no
increase model accuracy when using the interaction term in the
model instead of solely brain-PAD (brain-PAD AR? = 0.206 vs.
interaction brain-PAD and CD8'tCD57VILT2TPD-1" T-cell
AR? = 0.196, AAICc = 1.8). The interaction effect between
brain-PAD and CD8tCD57+ILT2"PD-1- T-cell frequency
on EDSS-score was close toward our predefined significance
threshold of 0.05 (p = 0.052). No significant interaction effects
were found when analyzing brain-PAD combined with the other
PD-1 and ILT-2 CD8+tCD57" T-cell subtypes (Figures 2D-F).
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TABLE 2 | Standardized beta coefficients (8) from significant linear regression
models of clinical and blood measures.

Dependent variable Brain-PAD NBV Age Sex
EDSS 0.32** 0.06 0.43" —0.01
25-FWT 0.47 0.27* 0.41* 0.05
Reciprocal 9-HPT —0.24* 0.11 —0.02 —0.25"

EDSS, expanded disability scale status; 25-FWT, 25-foot walk test; 9-HPT, reciprocal
score of 9-hole peg test; Brain-PAD, brain predicted age difference; NBV, normalized brain
volume. *p < 0.05, **p < 0.01, **p < 0.001.

DISCUSSION

In the current study, we examined whether the relationship
of brain-PAD to disability in MS patients was influenced
by the inflamm-aging T-cell biomarker CD8"CD57t. In
accordance with previous research, we demonstrated that an
older appearing brain was associated with higher physical
disability in MS patients (2, 3, 23). No correlations were
found between CD8TCD57F(ILT2TPD-1") T-cell frequency
and brain-PAD, or any demographical- or clinical variables
apart from treatment group (13). Yet, an interaction between

brain-PAD and CD8"CD571(ILT2"PD-1") T-cell frequency
was found, suggesting that in MS patients with an older appearing
brain, a higher number of these T-cells was associated with
worse physical disability. Potentially, changes in the circulating
inflammatory environment play a role in determining levels of
physical disability in those MS patients who have experienced
greater brain atrophy than would be expected for their age.
Contrary to our expectations we found no correlation between
CD81tCD57"(ILT2tPD-1") T-cell frequency and disability
score. This could be due to several reasons. Firstly, this study was
designed as observational study and not as a case-control study
which precludes us to compare results with healthy controls.
Moreover, no restrictions on drugs could be applied other than
only including patients who were off corticosteroid therapy at
least 3 months prior to enrolment, while in previous studies
the intake of immunomodulatory drugs was paused two months
prior to blood sampling (13, 24). The use of certain treatments
can have a major impact on CD8TCD57" T-cells, and thus
could have affected the results (25). In our patient group, a
higher cell frequency of CD8*TCD57TILT2 PD-1" T-cells was
found in the subgroup treated with interferons compared to the
off-treatment group confirming an influence of the drugs on
blood marker levels. This influence could have therefore altered
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significantly, p < 0.001. (C) A higher CD8*CD57*ILT2+PD-1+ T-cell frequency (x-axis) and a higher brain-PAD (predicted lines) predicted a higher 25-FWT-score

(y-axis) significantly, p< 0.001. (D) A non-significant interaction effect of CD8TCD57+ILT2"PD-1~ T-cells (x-axis) and brain-PAD (prediction lines) on EDSS-score

(y-axis), p = 0.052. (E) A non-significant interaction effect of CD8+CD57ILT2~PD-1+ T-cells (x-axis) and brain-PAD (prediction lines) on EDSS-score (y-axis), p =
0.191. (F) A non-significant interaction effect of CD8TCD57TILT2~PD-1~ T-cells (x-axis) and brain-PAD (prediction lines) on EDSS-score (y-axis), p = 0.323. PD-1,
programmed death 1; ILT2, immunoglobulin-like transcript 2; EDSS, expanded disability scale status; 25-FWT, 25-food walk test; brainPAD, brain predicted age

difference (brain-PAD). Brain-PAD is divided in three subgroups based on the mean value of brain-PAD + 1SD represented by a striped line (mean brain-PAD —1SD); a
dotted line (mean brain-PAD); and a continuous line (mean brain-PAD + 1 SD). The shaded areas represent the 95% confidence intervals.

any potential correlations between CD81TCD57"(ILT2tPD-17)  should be cautious with drawing any conclusions about potential
effects of treatments on the level of CD8TCD57TILT2~PD-17

T-cell frequency and disability scores. However, due to a high
T-cells in the peripheral blood based on this study.

variability in treatment type and duration prior registration, we
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Secondly, when assessing CD8TCD57*(ILT2"PD-11) T-
cell frequency, Cencioni et al. (13) found an increase of
CD8TCD57"PD-1" T-cells during quiescence (no relapse and
no gadolinium-enhancing lesions present 3 months prior to
blood sampling), while no such increase was found during relapse
(relapse within 3 months prior to blood sampling). In the current
study, such effect of disease phase on CD8*CD57"PD-1" T-
cell frequency was not found. This however, could be due to a
difference in the used definition of disease phase. Where Cencioni
et al. (13) focused on the presence of a relapse in the past 3
months, we defined our patients as active when having more than
2 relapses in the past year. Additionally, in the current cohort
disease phase was unknown for 12% of our patients.

Earlier research found an increase in CD8TCD57"PD-1+
T-cells in the inflamed meninges of secondary progressive MS
patients, suggesting an important role of these cells in MS
progression (13). Moreover, it was shown that an upregulation
of PD-1 expression by CD8TCD57" T-cells was associated
with a dysfunctional and reduced cytotoxic response upon
virus infection, favoring a persistent inflammatory environment
(13). Cencioni et al. (13) made the plausible suggestion that
this increase in CD8TCD57% T-cells may underly axonal
damage leading to poorer structural brain health and disease
progression in MS patients. As mentioned before, against our
expectations, CD8TCD57+(PD-1TILT2") T-cell frequency did
not relate to disability levels, suggesting that in a simple
additive linear model, information on these inflammatory T-
cells would not improve disability prediction by brain-PAD.
However, the interaction found between CD8"CD57+ILT2*PD-
1 T-cell frequency and brain-PAD when predicting disability,
suggests that in MS patients with a poorer brain health
than expected for their age, CD8"CD57TILT2TPD-1" T-cell
frequency may play a role in the development of physical
disability. Additionally, the interaction between brain-PAD
and CD8TCD57FTILT2TPD-1- T-cell frequency was close
toward significance when predicting EDSS-score, while the
interaction between brain-PAD and CD8"CD57+ILT2~PD-
1T T-cell frequency was not. This finding confirmed the
independent functioning of the ILT2 and PD-1 receptors on
CD8'TCD57" T-cells which was previously suggested (13, 26).
Gustafson et al. studied the cellular function of ILT2 and PD-
1 in CD8"' T-cells during immune-aging and found that the
major function of ILT2 was constraining proliferation, while
unlike PD-1, leaving cytotoxic CD8"TCD57" T-cell functioning
upon virus infection intact (27). This, together with our
findings, suggests that ILT2 might complement the inhibiting
effect of PD-1 on CD8"CD57% T-cells in an analog but
unique way. More research should be done to ILT2 and PD-
1 functioning on CD8FCD57" T-cells to gain more in-depth
knowledge about its role in physical disability development in
MS patients.

This study provided us with the unique opportunity to
gain insights into the biological mechanisms underlying MS
disease progression and gain knowledge about how these
mechanisms relate to the biology of aging by combining
measures of cellular senescence with measures of brain
structure. Our results need validation in larger cohorts,

and would benefit from comparison with healthy controls
to ascertain the specificity of the observed relationships to
MS. In future research, the patient’s disease phase (relapsing
or stable) should be logged carefully, given the distinctive
results for both groups found by Cencioni et al. (13). To
avoid the interference of drug use with blood test results,
only patients who did not use immunomodulatory drugs
2 months prior blood sampling should be included. With
these conditions in mind, a longitudinal multi-center MS
study could be conducted, in which brain age is examined
over time and combined with the CD8+tCD57% (PD-1TILT2%)
T-cell activity and another aging biomarker such as the
epigenetic clock, derived from DNA methylation patterns (6).
Lastly, multiple disability scores should be collected over time
to avoid dependency on EDSS-score for cross-sectional and
longitudinal analysis.

We provide further evidence that the brain age paradigm is
sensitive to physical disability in MS. Moreover, a higher number
of CD8TCD57ILT2TPD-1" T-cells in the PB in patients with an
older appearing brain was related to disability scores. This finding
suggests that CD8TCD57TILT2TPD-17" T-cells may play a role
in the development of physical disability in MS patients who have
poorer brain health (i.e., greater atrophy than expected for their
age). Future research is needed to establish the utility of brain age
as a prognostic marker combined with CD8TCD57 ILT2*PD-
1" T-cells in a multi-center longitudinal study design including
healthy controls.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because they contain information that could compromise
the privacy of research participants. Therefore, only the
linked anonymized data will be available outside the
patients treating teams. When sharing, data will be managed
according to the trial’s ethical permissions. Requests to access
the anonymized datasets should be directed to Richard
Nicholas, r.nicholas@imperial.ac.uk.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by London-Chelsea Regional Ethics
Committee ~ (NCT01044576).  The  patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

S] conducted the statistical analyses and writing. Together
with SJ and SK analyzed T-1 weighted MRI images with the
brainageR software. PM collected this MRI data. MC collected
the immunological data. RN collected the clinical data. RN and
JC supported SJ in writing and statistical analyses. JC designed
the brainageR software. All authors contributed to the article and
approved the submitted version.

Frontiers in Neurology | www.frontiersin.org

January 2022 | Volume 12 | Article 801097


mailto:r.nicholas@imperial.ac.uk
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jacobs et al.

Disability, PD-1 in Older MS-Brains

FUNDING

This

work was supported by funding from Medical

Research Council (to PM, Ref. No. G0800679), from the
NIHR Biomedical Research Centre funding scheme and

REFERENCES

10.

11.

12.

13.

14.

. Ceccarelli

. Cole JH, Poudel RPK, Tsagkrasoulis

sclerosis:
(2012)

A, Bakshi R, Neema M, MRL
a review of the current literature. Curr
25:402-9. doi: 10.1097/WCO.0b013e328354{63f

in multiple
Opin  Neurol.

. Kaufmann T, van der Meer D, Doan NT, Schwarz E, Lund M],

Agartz I, et al. Common brain disorders are associated with heritable
patterns of apparent aging of the brain. Nat Neurosci. (2019) 22:1617-
23. doi: 10.1038/s41593-019-0471-7

. Cole JH, Raffel J, Friede T, Eshaghi A, Brownlee WJ, Chard D, et al.

Longitudinal assessment of multiple sclerosis with the brain-age paradigm.
Ann Neurol. (2020). doi: 10.1002/ana.25746

. Koutsouleris N, Davatzikos C, Borgwardt S, Gaser C, Bottlender R,

Frodl T, et al. Accelerated brain aging in schizophrenia and beyond: a
neuroanatomical marker of psychiatric disorders. Schizophr Bull. (2014)
40:1140-53. doi: 10.1093/schbul/sbt142

D, Caan MWA, Steves C,
Spector TD, et al. Predicting brain age with deep learning from

raw imaging data results in a reliable and heritable biomarker.
Neuroimage. ~ (2017) ~ 163:115-24.  doi:  10.1016/j.neuroimage.2017.
07.059

. Cole JH, Ritchie SJ, Bastin ME, Valdes Hernandez MC, Munoz Maniega S,

Royle N, et al. Brain age predicts mortality. Mol Psychiatry. (2018) 23:1385-
92. doi: 10.1038/mp.2017.62

. Momeni F, Ghaemmaghami A, Nejati M, Pourhanifeh MH, Sichani

LS, Tamtaji OR, et al. Joint application of magnetic resonance imaging
and biochemical biomarkers in diagnosis of multiple sclerosis. Curr
Med Chem. (2020) 27:6703-26. doi: 10.2174/09298673266661910141
62713

. Jonsson BA, Bjorndottir G, Thorgeirsson TE, Ellingsen LM, Bragi

G, Walters DE et al. Brain age prediction using deep learning
uncovers  associated  sequence variants. Nat Commun. (2019)
10:5409. doi: 10.1038/s41467-019-13163-9

. Franceschi C, Bonafé M, Valensin S, Olivieri F, De Luca M, Ottaviani E,

et al. Inflamm-aging. An evolutionary perspective on immunosenescence.
Ann N 'Y Acad Sci. (2000) 908:244-54. doi: 10.1111/j.1749-6632.2000.tb0
6651.x

Bandres E, Merino ], Vazquez B, Inoges S, Moreno C, Subira
ML, et al. The increase of IFN-gamma production through
aging correlates with the expanded CD8(+high)CD28(-)CD57(+)
subpopulation. Clin Immunol. (2000) 96:230-5. doi: 10.1006/clim.2000.
4894

Strioga M, Pasukoniene V, Characiejus D. CD8+ CD28- and CD8+ CD57+
T cells and their role in health and disease. Immunology. (2011) 134:17-
32. doi: 10.1111/j.1365-2567.2011.03470.x

Chiang S, Theorell J, Entesarian M, Meeths M, Mastafa M, Al-Herz W,
et al. Comparison of primary human cytotoxic T-cell and natural killer
cell responses reveal similar molecular requirements for lytic granule
exocytosis but differences in cytokine production. Blood. (2013) 121:1345-
56. doi: 10.1182/blood-2012-07-442558

Cencioni MT, Magliozzi R, Nicholas R, Ali R, Malik O, Reynolds R, et al.
Programmed death 1 is highly expressed on CD 8+ CD 57+ T cells in
patients with stable multiple sclerosis and inhibits their cytotoxic response
to Epstein-Barr virus. Immunology. (2017) 152:660-76. doi: 10.1111/imm.
12808

Polman C, Reingold S, Edan G, Filippi M, Hartung H, Kappos L,
et al. Diagnostic criteria for multiple sclerosis: 2005 revisions to the
“McDonald criteria”. Ann Neurol. (2005) 58:840-6. doi: 10.1002/ana.
20703

was carried out in part at the NIHR/Welcome Trust

Imperial

Clinical Research Facility at Hammersmith

Hospital, London. We also acknowledge support to MC
from the Elena Pecci research project and the Fondazione
Careggi Onlus.

20.

21.

23.

24.

25.

26.

27.

. Tombaugh TN. A comprehensive

. Lema A, Bishop C, Malik O, Mattoscio M, Ali R, Nicholas R, et al. A

comparison of magnetization transfer methods to assess brain and cervical
cord microstructure in multiple sclerosis. ] Neuroimaging. (2017) 27:221-
6. doi: 10.1111/jon.12377

. Newbould RD, Nicholas R, Thomas CL, Quest R, Lee ]S, Honeyfield

L, et al. Age independently affects myelin integrity as detected by

magnetization  transfer magnetic resonance imaging in multiple
sclerosis. Neuroimage Clin. (2014) 4:641-8. doi: 10.1016/j.nicl.2014.
02.004

. Sen S. Neurostatus and EDSS calculation with cases. Noro Psikiyatr Ars. (2018)

55:580-S3. doi: 10.29399/npa.23412

review of the Paced Auditory
Serial Addition Test (PASAT). Arch Clin Neuropsychol. (2006)
21:53-76. doi: 10.1016/j.acn.2005.07.006

. Cencioni MT, Chiurchiu V, Catanzaro G, Borsellino G, Bernardi G, Battistini

L, et al. Anandamide suppresses proliferation and cytokine release from
primary human T-lymphocytes mainly via CB2 receptors. PLoS ONE. (2010)
5:¢8688. doi: 10.1371/journal.pone.0008688

Chiurchiu V, Cencioni MT, Bisicchia E, De Bardi M, Gasperini C, Borsellino
G, et al. Distinct modulation of human myeloid and plasmacytoid dendritic
cells by anandamide in multiple sclerosis. Ann Neurol. (2013) 73:626-
36. doi: 10.1002/ana.23875

Jack C, Bernstein M, Fox N, Thompson P, Alexander G, Harvey D,
et al. The Alzheimer’s Disease Neuroimaging Initiative (ADNI): MRI
methods. ] Magn Reson Imaging. (2008) 27:685-91. doi: 10.1002/jmri.
21049

. Cole JH, Underwood J, Caan MWA, De Francesco D, van Zoest RA, Leech

R, et al. Increased brain-predicted aging in treated HIV disease. Neurology.
(2017) 88:1349-57. doi: 10.1212/WNL.0000000000003790

Hogestol EA, Kaufmann T, Nygaard GO, Beyer MK, Sowa P, Nordvik
JE, et al. Cross-sectional and longitudinal MRI brain scans reveal
accelerated brain aging in multiple sclerosis. Front Neurol. (2019)
10:450. doi: 10.3389/fneur.2019.00450

Okuda Y, Okuda M, Apatoff BR, Posnett DN. The activation of
memory CD4(+) T cells and CD8(+) T cells in patients with
multiple sclerosis. J Neurol Sci. (2005) 235:11-7. doi: 10.1016/j.jns.2005.
02.013

Karandikar NJ, Crawford MP, Yan X, Ratts RB, Brenchley JM, Ambrozak
DR, et al. Glatiramer acetate (Copaxone) therapy induces CD8(+) T cell
responses in patients with multiple sclerosis. J Clin Invest. (2002) 109:641-
9. doi: 10.1172/JCI1200214380

Dumont C, Jacquier A, Verine ], Noel F, Goujon A, Wu CL, et al. CD8+PD-1-
ILT2+4 T Cells are an intratumoral cytotoxic population selectively inhibited
by the immune-checkpoint HLA-G. Cancer Immunol Res. (2019) 7:1619-
32. doi: 10.1158/2326-6066.CIR-18-0764

Gustafson CE Qi Q, Hutter-Saunders J, Gupta S, Jadhav R, Newell E, et al.
Immune checkpoint function of CD85j in CD8T cell differentiation
and aging. Front Immunol. (2017) 8:692. doi: 10.3389/fimmu.2017.
00692

Author Disclaimer: The views expressed are those of the authors and not
necessarily those of the MRC, the NHS, the NIHR or the Department of Health.

Contflict of Interest: JC is an advisor to and shareholder in BrainKey and Claristas
HealthTech, and acts as a consultant to Queen Square Analytics. PM declares no
conflicting interest relevant to this study, but discloses travel support and speaker
honoraria from unrestricted educational activities organized by Novartis, Bayer
HealthCare, Bayer Pharma, Biogen Idec, Merck-Serono and Sanofi Aventis; and
consulting to Magenta Therapeutics and Jasper Therapeutics. RN has received

Frontiers in Neurology | www.frontiersin.org

January 2022 | Volume 12 | Article 801097


https://doi.org/10.1097/WCO.0b013e328354f63f
https://doi.org/10.1038/s41593-019-0471-7
https://doi.org/10.1002/ana.25746
https://doi.org/10.1093/schbul/sbt142
https://doi.org/10.1016/j.neuroimage.2017.07.059
https://doi.org/10.1038/mp.2017.62
https://doi.org/10.2174/0929867326666191014162713
https://doi.org/10.1038/s41467-019-13163-9
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1006/clim.2000.4894
https://doi.org/10.1111/j.1365-2567.2011.03470.x
https://doi.org/10.1182/blood-2012-07-442558
https://doi.org/10.1111/imm.12808
https://doi.org/10.1002/ana.20703
https://doi.org/10.1111/jon.12377
https://doi.org/10.1016/j.nicl.2014.02.004
https://doi.org/10.29399/npa.23412
https://doi.org/10.1016/j.acn.2005.07.006
https://doi.org/10.1371/journal.pone.0008688
https://doi.org/10.1002/ana.23875
https://doi.org/10.1002/jmri.21049
https://doi.org/10.1212/WNL.0000000000003790
https://doi.org/10.3389/fneur.2019.00450
https://doi.org/10.1016/j.jns.2005.02.013
https://doi.org/10.1172/JCI200214380
https://doi.org/10.1158/2326-6066.CIR-18-0764
https://doi.org/10.3389/fimmu.2017.00692
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jacobs et al.

Disability, PD-1 in Older MS-Brains

funding for paid advisory boards with Roche, Novartis, Biogen and ImmunBio
and has participated in trials run by Roche, Novartis and Biogen.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Citation: Jacobs SAH, Muraro PA, Cencioni M'T, Knowles S, Cole JH and Nicholas R
(2022) Worse Physical Disability Is Associated With the Expression of PD-1 on
Inflammatory T-Cells in Multiple Sclerosis Patients With Older Appearing Brains.
Front. Neurol. 12:801097. doi: 10.3389/fneur.2021.801097

Copyright © 2022 Jacobs, Muraro, Cencioni, Knowles, Cole and Nicholas. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neurology | www.frontiersin.org

January 2022 | Volume 12 | Article 801097


https://doi.org/10.3389/fneur.2021.801097
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Worse Physical Disability Is Associated With the Expression of PD-1 on Inflammatory T-Cells in Multiple Sclerosis Patients With Older Appearing Brains
	Introduction
	Materials and Methods
	Participants
	Physical and Cognitive Testing
	Blood Sampling
	Magnetic Resonance Imaging Acquisition
	Brain-Predicted Age Difference Analysis
	Statistical Analysis

	Results
	Population Characteristics
	Higher EDSS-Score Is Associated With Higher Age at Onset, Longer Disease Duration, Higher Chronological Age at Scan and Lower Cognitive Performance
	Worse Physical Disability Is Associated With Older Appearing Brains in MS

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


