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Abstract
Objective

To classify and immunologically characterize persons with MS based on brain lesions and
atrophy and their associated microRNA profiles.

Methods

Cerebral T2-hyperintense lesion volume (T2LV) and brain parenchymal fraction (BPF) were
quantified and used to define MRI phenotypes as follows: type I: low T2LV, low atrophy; type
II: high T2LV, low atrophy; type III: low T2LV, high atrophy; type IV: high T2LV, high
atrophy, in a large cross-sectional cohort (n = 1,088) and a subset with S-year Ingitudinal follow-
up (n =153). Serum miRNAs were assessed on a third MS cohort with 2-year MRI phenotype
stability (n = 98).

Results

One-third of the patients had lesion-atrophy dissociation (types II or III) in both the cross-
sectional and longitudinal cohorts. At S years, all phenotypes had progressive atrophy (p <
0.001), disproportionally in type IT (BPF —2.28%). Only type IV worsened in physical disability.
Types I and II showed a 5-year MRI phenotype conversion rate of 33% and 46%, whereas III
and IV had >90% stability. Type II switched primarily to IV (91%); type I switched primarily to
II (47%) or I1I (37%). Baseline higher age (p = 0.006) and lower BPF (p < 0.001) predicted
S-year phenotype conversion. Each MRI phenotype demonstrated an miRNA signature whose
underlying biology implicates blood-brain barrier pathology: hsa.miR.22.3p, hsa.miR.361.5p,
and hsa.miR.345.5p were the most valid differentiators of MRI phenotypes.

Conclusions
MRI-defined MS phenotypes show high conversion rates characterized by the continuation of
either predominant neurodegeneration or inflammation and support the partial independence
of these 2 measures. MicroRNA signatures of these phenotypes suggest a role for blood-brain
barrier integrity.
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Glossary

BPF = brain parenchymal fraction; Cq = cycle quantification; EDSS = Expanded Disability Status Scale; miRNA = microRNA;
SP = secondary progressive; T2LV = T2-hyperintense lesion volume.

Characterization of MS phenotypes using MRl and miRNA profiles

MRI is used to monitor Multiple
sclerosis (MS)-related pathology.
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MS is an autoimmune disease of the CNS, characterized by
recurrent episodes of inflammatory demyelination and acceler-
ated global CNS tissue loss. MRI is the most useful clinical
modality to diagnose and monitor MS-related pathology and is
sensitive to both inflammatory and destructive pathologic pro-
cesses as measured by T2-hyperintense lesion volume (T2LV)
and whole-brain atrophy, respectively. There is increasing evi-
dence that these 2 processes are at least partially independent.'
We have recently described an MRI-based, 4-phenotype classi-
fication that is based on the relationship between (1) brain
volume loss and (2) brain T2LV.> This MRI-based classification
scheme showed that approximately one-fourth of the patients
have a disassociation between atrophy and lesions (e.g, high-
atrophy and low T2LV or low-atrophy/high T2LV). This dis-
association is consistent with previous work, indicating that brain
atrophy progresses somewhat independent of lesions.>™¢
Moreover, recent work has also demonstrated serum immuno-
logic biomarkers, which may uniquely be linked to destructive or
lesional pathology, such as serum microRNAs (miRNAs),” lipid
antibodies,® free hemoglobin,9 retinol binding protein,10 mito-
chondrial metabolites,'" and neurofilament light chains."> CSF
biomarkers have also been linked to MRI atrophy or T2 lesion
volume including CXCL13," tau levels,"* oligoclonal bands,**
increased B-cell activation,'® glial fibrillic acidic protein,17 and the
CSF-serum albumin quotient.'®

With the goal of investigating the contributions of in-
flammation and neurodegeneration to MS pathophysiology,
we established 2 major objectives for the present study: first,
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to characterize MRI-defined phenotypes in a large cross-
sectional cohort and examine their (S-year) longitudinal sta-
bility and second, to identify differences in miRNA signatures
among the MRI-phenotype groups. We additionally assessed
the demographic, clinical, and MRI features associated with
stability vs switching of the phenotypes over $ years.

Methods

Cohort identification and

patient characteristics

This was a single-center, retrospective longitudinal study of
patients who met baseline inclusion criteria as follows: (1)
diagnosis of MS on the relapsing-remitting (RR) spectrum,
including clinically isolated syndrome, RR MS, or secondary
progressive (SP) MS'?; (2) age 18-60 years; (3) availability of
brain MRI acquired at 1.5T by a consistent acquisition pro-
tocol; and (4) neurologic examination, including assessment of
Expanded Disability Status Scale (EDSS) score’® within 6
months of neuroimaging. Patients with primary progressive MS
were excluded. This initial group composed the cross-sectional
cohort. Among these patients, additional cohorts were identi-
fied. A longitudinal cohort was also identified as those with
S-year follow-up clinical and MRI data (henceforth referred to
as the S-year longitudinal cohort). To identify relationships
between MRI phenotypes and serum miRNAs, we defined
a third cohort, which included only patients with MRI phe-
notype congruence/stability between baseline and 2-year
follow-up who had baseline serum blood samples available. A
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Table 1 Patient baseline characteristics

Cross-sectional cohort

5-year longitudinal cohort

microRNA cohort Historic reference cohort?®

n 1,088 153 98 175
Women n (%) 818 (75%) 119 (78%) 76 (78%) 124 (71%)
Age (y) 41.1+£9.3 42.5+8.6 446 +7.3 42.7 £9.1
Disease duration (y) 8377 9.7+7.7 145+7.9 9.6+8.6
Smoking history n (%) 456 (48%) 61 (43%) n/a n/a
MRI follow-up (y) n/a 50£03 20+£0.1 n/a
Clinical category n (%)
Cis 97 (9%) 3 (2%) 0 18 (10%)
RRMS 913 (84%) 140 (92%) 91 (93%) 115 (66%)
SPMS 78 (7%) 10 (7%) 7 (7%) 42 (24%)
Gd-enhancing lesion n (%) n/a 32 (21%) n/a n/a
Receiving DMT n (%) 792 (73%) 112 (73%) 66 (67%) n/a
EDSS score 1.7+£1.7 1.7+£14 19+£15 25+23
Brain T2LV (mL) 6.7 £8.5 7.2+8.1 8.0%75 8.7+10.2
Brain parenchymal fraction 0.857 + 0.046 0.849 + 0.046 0.84 £ 0.05 0.84 + 0.05

Abbreviations: CIS = clinically isolated syndrome; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; RRMS = relapsing-remitting MS;
SPMS = secondary progressive MS; T2LV = cerebral T2-hyperintense lesion volume.

Data are mean + SD unless otherwise listed.
@ Used to define median split values: Tauhid et al.?

cohort of 98 patients who met these criteria was identified,
hereon referred to as the 2-year cohort. Patients’ clinical
and demographic characteristics are summarized in table 1,
and the cohort selection process is depicted in figure e-1,
links.Ilww.com/NXI/A93. After MRI quality control analysis, 3
patients in the S-year cohort were excluded because of poor
segmentation and/or motion artifact.

Standard protocol approvals, registrations,
and patient consents

This study was approved by our institutional local ethics
committee on human experimentation. All patients provided
written informed consent.

MRI acquisition and segmentation

All brain MRI scans were obtained on a fleet of 1.5T Signa
GE scanners at the Brigham and Women’s Hospital using
similar acquisition parameters to produce axial dual echo
images as follows: TR = 2,800-3,000 msec, TE1/TE2 =
30/80 msec, slice thickness = 3 mm (gapless), pixel size =
0.93 x 0.93 mm, producing 54 slices. Automated template-
driven segmentation was performed to derive cerebral
T2LV and brain parenchymal fraction (BPF),*" followed by
expert manual correction. The number of gadolinium
lesions was determined by an expert observer on axial T1-
weighted spin-echo images, 5-7 minutes after an IV in-
fusion of gadolinium contrast agent at a concentration of
0.1-mmoL/kg.
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Classification of MRI-defined phenotypes
Patients were assigned MRI phenotypes based on a previously
defined median split values of T2LV (4.21 mL) and BPF
(0.8502) as described in our index cases, selected based on
similarity to a broad cohort of patients with MS*:

1. Type I = mild atrophy (BPF > 0.8502) and low lesion
burden (T2LV < 4.21 mL)

2. Type II = mild atrophy (BPF > 0.8502) and high lesion
burden (T2LV > 4.21 mL)

3. Type Il = moderate/severe atrophy (BPF < 0.8502) and
low lesion burden (T2LV < 4.21 mL)

4. Type IV = moderate/severe atrophy (BPF < 0.8502) and
high lesion burden (T2LV > 4.21 mL)

Thus, types I and IV had concordance between lesions and
atrophy and types II and III a discordance.

Serum samples

Serum samples were collected in red-top Vacutainer tubes
without additives, centrifuged at 2000 rpm for 10 minutes to
separate the serum, and stored at —70°C until RNA extraction.
Isolation of RNA was then performed (miRcury kit; Exiqon)
and converted to complementary DNA using a synthesis kit
(Exiqon). Prepared complementary DNA samples were
stored at —20°C. We selected 186 candidate miRNAs based
upon their relevance in our previous studies. Expression of
these miRNAs was tested in prepared complementary DNA
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Table 2 Full cohort: baseline characteristics comparison by MRI phenotype

Type | Type 1l Type Il Type IV p Value

N 466 (43%) 181 (17%) 168 (15%) 273 (25%)
Clinical type

cis 65 (14%) 11 (6%) 15 (9%) 6 (2%)

RRMS 392 (84%) 161 (89%) 142 (85%) 218 (80%)

SPMS 9 (2%) 9 (5%) 11 (6%) 49 (18%)
No. of women n (%) 374 (80%) 143 (79%) 118 (70%) 183 (67%) <0.001
Receiving DMT n (%) 323 (69%) 129 (71%) 133 (79%) 207 (76%) 0.051
Age (y) 38.6+8.8 38.1+9.7 458+7.8 444 + 8.5 <0.001
EDSS score 1.2+13 1.5+15 1.7+1.6 27+20 <0.001
Disease duration (y) 5.5+55 8.0+74 89+7.2 12.8+9.2 <0.001
T2LV (mL) 21+09 8.2+5.1 24+£1.0 16.1+11.4 <0.001
BPF 0.890 + 0.023 0.879 + 0.022 0.826 +0.023 0.804 + 0.036 <0.001
Smoking history? n (%) 166 (41%) 68 (44%) 75 (49%) 147 (59%) <0.001

Abbreviations: BPF = brain parenchymal fraction; CIS = clinically isolated syndrome; DMT = disease-modifying therapy; EDSS = Expanded Disability Status
Scale; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; T2LV = brain T2-hyperintense lesion volume.

Values are mean + SD unless otherwise noted.

p-values derived from group mean differences (age, EDSS, disease duration, T2LV, and BPF) using an ANOVA statistic and frequency variables (sex, DMT use,

and smoking history) using a Pearson X test.
%n=958.

samples using a locked nucleic acid, SYBR green-based
quantitative real time polymerase chain reaction method
(LNA-SYBR-gRT-PCR). Normalization was performed us-
ing the mean expression of 4 miRNAs, with the best stability
index determined by NormFinder software. Normalized cycle
quantification (Cq) was calculated as mean Cq-assay Cq.

Statistical analysis and data interpretation
Mean values of group-level characteristics with continuous
variables (EDSS score, T2LV, BPF, and disease duration) were
compared using paired t-tests (baseline vs follow-up) and one-
way analysis of variance (ANOVA) (baseline MRI phenotype
comparison); ordinal and dichotomous variables (age, sex,
smoking history, presence of gadolinium-enhancing lesion(s),
and disease category) were compared using the Pearson chi-
square test. A linear mixed effect model was used to compare
MRI phenotype group differences over time; predictors of
phenotype conversion were estimated using a linear/logistic
regression or odds ratios.

MicroRNA expression was compared among the 4 groups
using a proportional odds logistic regression model, with
phenotype as the predictor and miRNA expression as the
outcome. A proportional odds logistic regression model was
used so that patients who had missing expression could be
given a value lower than the smallest detected expression. If
a significant difference between the groups was observed for
the global test, pairwise group comparisons were completed.
Differentially expressed miRNA pathways (at p < 0.05) were

Neurology: Neuroimmunology & Neuroinflammation

| Volume 6, Number 2 |

interpreted using miRPath v.3 with default settings and Tar-
Base v7.0, accessed online between October 11, 2017 and
October 13, 2017 at snf-515788.vm.okeanos.grnet.gr/.”*
“Biologic directionality” of miRNAs was determined by
comparing mean expression values between phenotypes:
higher expression in a numerically higher phenotype was
presumed to represent a “pathologic” association, and con-
versely, lower expression levels were presumed “protective.”
Comparisons of types II and III were labeled “unknown”
because of the lesion/atrophy dissociation. “Biologic MRI
associations” were assigned based on the defined neuro-
imaging feature(s) to separate MRI phenotypes as follows:
type I vs type II, “lesions”; type I vs type 111, “atrophy”; type I
vs type IV, “both”; type II vs type III, “unknown”; type II vs
type IV, “atrophy”; and type III vs type IV, “lesions.”

All statistics were performed using the R (R-project.org) or
STATA v14.0 (stata.com) software.

Data availability
Anonymized data will be shared on request from any qualified
investigator.

Results

Baseline clinical, MRI, and demographic characteristics are
summarized in table 1, with the inclusion of a comparison his-
torical reference cohort initially used to define the median
split values based on a broad representation of MS disease
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phenotypes similar to that of the New York State Multiple
Sclerosis Consortium.” Our median split criteria defined 4 MRI-
based phenotypes (see Methods); data for the full cross-sectional
cohort are summarized in table 2, with visual depiction of ar-
chetypal phenotypes in figure 1. In both the cross-sectional co-
hort (n = 1,088), as well as the S-year longitudinal cohort (n =
153), ~one-third of all patients (32% and 33%, respectively)
were categorized as having dissociation between T2LV and at-
rophy (types Il or I11); the proportion of types Il and IIT was very
similar (33%) when using median split values obtained from the
cross-sectional cohort instead of the historic cohort (data not
shown). The overall unadjusted correlation between T2LV and
BPF was —0.476 (p < 0.0001) in the longitudinal cohort and
—0.538 in the cross-sectional cohort (p < 0.0001). Both of these
associations remained significant after adjusting for age (p <
0.0001). We additionally analyzed the associations between BPF
and T2LV using quartile splits of BPF; T2LV decreased as BPF
increased: BPF quartile 1, T2LV 13.5 £ 124 mL; quartile 2,
T2LV 6.1 + 6.7 mL; quartile 3, T2LV 4.0 £ 4.1 mL; and quartile
4, T2LV 3.0 £ 2.5 mL; p < 0.001. In both cohorts, the following
significant baseline group differences between phenotypes were
observed by one-way ANOVA (p values all <0.001 for the cross-

Figure 1 MRI phenotype 5-year conversion rates

Inflammation

Degeneration

Type lll

Type IV

T2 FLAIR images showing changes in MS-MRI phenotypes over a 5-year
follow-up period. Type 1 patients (33%) converted: 16% to type Il, 12% to
type Ill, and 5% to type IV; 46% of type Il patients converted: 42% to type IV
and 4% to type |. Types Il and IV were predominantly stable (<10%
interconversion). Higher age, higher T2LV, and lower BPF were predictive of
phenotype conversion for types | and Il. We observe conversion pathways,
depicted by arrows: adaptive immunity/inflammatory-predominant
changes characterize conversion from type | to type Il, or type Ill to type IV,
whereas degenerative-predominant changes are characterized by type | to
type Ill or type Il to type IV. Conversion of type | to type IV involves both
pathways. BPF = brain parenchymal fraction; FLAIR = fluid-attenuated
inversion-recovery; T2LV = T2-hyperintense lesion volume.
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sectional cohort): sex, age, EDSS score, disease duration, T2LV,
BPF, and smoking history (table 2). As shown in table e-1, links.
Iww.com/NXI/A93, notable baseline pairwise phenotype dif-
ferences included (1) types Il and IV both being older and with
a higher proportion of men compared with types Iand II (all p <
0.001); (2) disease duration, EDSS, and SPMS prevalence, all
increased linearly from type I (mean disease duration $.5 years,
EDSS 1.2, SPMS 2%) to type IV (mean disease duration 12.8
years, EDSS 2.7, SPMS 18%, all p < 0.01) with the exception of
pairwise comparison of types II and III, which were not signifi-
cant for any of these comparisons (p > 0.05); (3) smoking
history was significantly overrepresented in type IV compared
with others (all p < 0.05); (4) BPF decreased linearly from type I
to type IV and differed significantly among all phenotypes (all
p < 0.001); (5) T2LV differed significantly among all pheno-
types (p < 0.001) except between types I and IIL.

Longitudinal comparisons: Table 3 and figure 1 depict
within-phenotype changes over S years, and table e-2, links.
lww.com/NXI/A93 shows between-phenotype comparisons.
All phenotypes demonstrated significant decreases in BPF (all
p < 0.001); the S-year rate of brain atrophy was highest in type
II (vs type I: p < 0.001, vs type I1I: p = 0.056, and vs type IV: p =
0.013, figure e-2, links.Iww.com/NXI/ A93). T2LV significantly
increased over S years only in type I (p < 0.01) and was not
significantly different in between-group comparisons. EDSS
score increased in types Il and IV over S years, but the change
was only significantly different when comparing group IV with
group I (p = 0.048, figure e-3, linkslww.com/NXI/A93). In
regard to S-year phenotype conversion, type I was 67% stable,
with 33% converting to type II (16%), type III (12%), or type
IV (5%); type 11 was 54% stable, with 42% converting to type
IV, none to type III, and 4% to type 1. types III and IV were
>90% stable and type I1I converted exclusively to type IV (4%).
Predictors of S-year conversion of MRI phenotype (types I and
II combined, table e-3, links.lww.com/NXI/A93) included
baseline lower BPF (p < 0.001) and older age (p = 0.008).

In summary, clinical and demographic data generally differ-
entiated all 4 MRI phenotypes from one another with the
exception of types II and III, which were similar on most
pairwise comparisons despite stark MRI differences. Higher
phenotypes (e.g., Ill and IV) were characterized by more men,
a history of smoking, higher age, and longer disease durations.
Over the S-year follow-up period, type I converted to either
an inflammatory-predominant (type II) or degenerative-
predominant (type III) phenotype. Types III and IV were
terminal phenotypes that rarely interconvert.

miRNA study: 2-year longitudinal cohort with
MRI-phenotype stability

The 2-year cohort was composed of 98 patients with MS (91
RR, 7 SP). Baseline characteristics are summarized in table 1.
The MRI-defined phenotype breakdown was as follows: type
I: n = 24; type II: n = 19, type III: n = 21, and type IV: n = 34.
Forty-one percent (41%) of all patients were categorized as
having dissociation between T2LV and atrophy (types II or

| Volume 6, Number2 | March 2019
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Table 3 MRI phenotype changes at 5-year follow-up

Type | Type I Type 1l Type IV
N 57 24 26 46
5-year phenotype 19 (33%) 11 (46%) 1 (4%) 4 (9%)
conversion n (%)
Receiving DMT +17.5%* +12.5% -3.8% -8.7%

BPF (difference, %
change)

-0.011; 95% Cl: (-0.014,
-0.008); p < 0.001

(% change: -1.2%)

-0.023; 95% Cl: (-0.031,
-0.014); p <0.001

(% change: -2.6%)

-0.015; 95% Cl: (-0.019,
-0.01); p <0.001

(% change: —1.8%)

-0.013; 95% Cl: (-0.019,
-0.008); p < 0.001

(% change: —1.6%)

T2LV (mL) 0.45; 95% Cl: (0.18, 0.72); 1.19; 95% Cl: (~0.60, 2.98); 0.22; 95% Cl: (-0.17, 0.60);  0.34; 95% Cl: (-1.07, 1.75);
p = 0.002 p=0.182 p=0.256 p=0.628
EDSS score 0.15; 95% Cl: (-0.19, 0.48); 0.04; 95% Cl: (-0.29, 0.38); 0.1; 95% Cl: (-0.27, 0.46); 0.66; 95% Cl: (0.16, 1.16);

p=0376

p=0.799

p=0.589

p=0.011

Abbreviations: BPF = brain parenchymal fraction; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; T2LV = brain T2-hyperintense

lesion volume.

All values and statistical results are differences in mean values between baseline and 5-year follow-up using paired t-tests (BPF, T2LV, and EDSS) or x>

comparison of proportions.
*p < 0.05.

III). Serum miRNA analysis (see Methods) of this cohort
revealed 16 miRNAs (tables e-4 and eS, table 4, links.Iww.
com/NXI/A93) that significantly differed in their expression
among the 4 MRI phenotypes at p < 0.0S after adjustment for
age and sex; none survived corrections for multiple compar-
isons (table e-4). Among these 16 miRNAs, 15 overlapped
with significant findings from our previous work examining
correlations between MRI involvement and miRNAs in sep-
arate sets of patients with MS.” Table e-4 shows pairwise
group comparisons of the level of miRNA expression of these
16 miRNAs. Three of the miRNAs showed pairwise differ-
ences between phenotypes and were both internally consis-
tent with phenotype definitions (see Methods), as well as
externally consistent with our previous work”: hsa.miR.22.3p,
hsa.miR.345.5p, and hsa.miR.361.5p. Both hsa.miR.22.3p and
hsa.miR.345.5p are significantly and pathogenically upregu-
lated in types II and IV compared with types I and III, sug-
gesting  an inflammation/lesions.
Hsa.miR.361.5p was upregulated in type I compared with
types II and III, suggesting a protective association against
both lesions and atrophy. DIANA miRPath analysis revealed
biological associations of these miRNAs (table 4, figure e-4,
links.Iww.com/NXI/A93); of the 16 significant miRNAs, 7
are involved in adherens junction and 4 in extracellular matrix
functions; of the 3 notable miRNAs above, 2 seem to be
involved in adherens junction function. A heatmap (figure 2)
depicts miRNA expression levels differentiating the 4 MRI

phenotypes.

association  with

Discussion

In this study, we present cross-sectional (n = 1,088) and lon-
gitudinal (n = 153) data using a novel MRI-based classification
system of MS based on lesions and atrophy and demonstrate
exploratory immunologic correlates of these MRI phenotypes

Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number2 | March 2019

using serum miRNA analysis (n = 98). The central findings of
our work include (1) evidence for a dissociation between brain
lesions and brain atrophy, as demonstrated by large numbers of
patients classified as type II or type III; (2) longitudinal as-
sessment showing dynamic changes in phenotypes and the rate
and predictors of change of these MRI classifications; and (3)
preliminary serum miRNAs that differentiate the MRI pheno-
types and implicate potential targetable biological pathways
involved in disease heterogeneity.

We first aimed at extending and validating previous findings
from the development of an MRI classification of MS based
on the relationship between brain lesions and atrophy.> Using
a large sample size, we show a high rate of patients with MS
(32%), with a dissociation between whole-brain atrophy and
the total volume of cerebral T2-hyperintense lesions (types II
or III). A similar proportion was observed in our longitudinal
cohort (33%, n = 153) and our miRNA cohort (41%, n = 98).
Taken together, these observations provide evidence that
these 2 pathologic processes are at least partially independent
among a subset of persons with MS.

Over a S-year follow-up period, the patients at the highest risk of
disease progression as shown by conversion to more advanced
phenotypes are types I (33% converting) and II (46% convert-
ing), with conversion risk at baseline linked to higher age and
lower BPF (table e-3, links.lww.com/NXI/A93). These results
are consistent with previous studies, showing that higher age is
a risk factor for disease progression”**
atrophy at baseline predicts disability progression at 2- and S-year
follow-up periods.”>*® Similarly, a group who tested MRI clas-
sification systems like ours” showed that 1 longitudinal model
(the development of whole-brain atrophy and >4 new lesions)
could predict short-term disability worsening. Another group
classified 4 MRI phenotypes using gadolinium enhancement as

and that more brain
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Figure 2 MicroRNA expression heatmap stratified by MRI phenotype
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a proxy for inflammation and BPF + T1-hypointense lesion
volumes to determine neurodegeneration, finding that greater
atrophy was associated with activated B-cell activity.'®

Our findings provide insights into the relative contributions of
inflammation and neurodegeneration in MS."*® Our data
support partial independence of these processes, as reflected by
individual patient phenotypes at baseline and the pathways
leading to progression/conversions. Among the type I indi-
viduals at baseline who converted during the S-year observation
period (33%), roughly equal numbers proceed to type II,
characterized by increased T2LV without significant global at-
rophy, or type III, characterized by high whole-brain tissue loss
without much lesion progression. In contrast, type II converted
nearly exclusively to type IV. This type I to type II to type IV
“inflammation-then-degeneration” pathway (figure 1) supports
arguments linking early inflammation to later neuro-
degeneration, mechanisms believed to be predominantly me-
diated by adaptive autoimmunity (inflammation), followed by
innate (degeneration related) immune changes,29’30 and dem-
onstrates that a portion of type II phenotypes are in a temporal
transition phase with age and lower BPF being risk factors for
subsequent conversion (table e-3, links.lww.com/NXI/A93).
However, 54% of type II patients remained stable at follow-up,
demonstrating that this temporal dispersion of dissociation is
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not complete. Of note, the S-year change in T2LV was not
significantly different in types II or IV, suggesting that these
patients may have attained a stabilized T2 lesion burden plateau
characteristic of later-stage MS.>"

The S-year brain atrophy rate was highest in patients who were
type II at study entry, a finding we interpret as the result of the
cascade of events linking the appearance of lesions to later
(secondary) atrophy, which may take years to unfold.**** The
patients may also have had “pseudo-expansion” of brain volume
at the time of new or recent lesion appearance/expansion in the
early stages of the disease, which would mask any atrophy
present until the equilibration of fluid shifts.** Type I patients are
equally likely to proceed through an adaptive inflammation-
dominant path (type II) as they are to an atrophy-dominant path
(type III); this observation supports innate immunity or neu-
rodegeneration as a predominant process in some patients,
separate from inflammatory white matter lesions." This obser-
vation also raises the possibility that this type of individual may
be biologically distinct from others; we speculate that type III
may represent greater involvement of gray matter de-
myelination, cortical lesions, and tissue destruction related to
leptomeningeal ectopic deposits or soluble inflammatory
mediators not visible on conventional 1.5T MRL> Type III
patients may also represent greater resistance to inflammatory
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Table 4 Interpretation of differentially expressed miRNAs among the 4 MRI phenotypes

miRNA

Relevant pathways?

Relevant findings from previous publications

hsa.miR.10b.5p

None relevant

Pathogenic association with T2LV?, downregulated in MS vs HC®

hsa.miR.1271.5p

None relevant

Pathogenic association with BPF, GMF, protective association with T1 T2°, and risk
factor for anxiety®

hsa.miR.139.5p

Neurotrophin signaling, A}, TNF signaling, NF-

kappa B signaling, and estrogen signaling

Pathogenic association with T2LV® and EDSS®

hsa.miR.145.5p

ECM-receptor interaction, focal adhesion, AJ,
and TGF-f signaling

Pathogenic association with T2LV, spinal cord T2LV, and UCCAP

hsa.miR.193a.5p

ECM-receptor

Pathogenic association with BPV and cortical GMV,° downregulated in PTSD with
increased IL-128"

hsa.miR.195.5p

A, EBV infection, and TGF-B signaling

Pathogenic association with T2LV, GMF, and EDSS,”* upregulated in MS vs HC®

hsa.miR.1972

None relevant

Pathogenic association with UCCA® and EDSS®

hsa.miR.22.3p*

TGF-B signaling, AJ, EBV infection, and focal
adhesion

Downregulated in MS vs HCS; pathogenic association with T2LV® and risk factor for
anxiety?

hsa.miR.28.5p Al and ECM-receptor interaction Protective association with T1:T2° and EDSS,¢ upregulated in MS vs other
autoimmune disease, SP&PP vs other neurologic disease, SPMS vs RRMS, and
downregulated in MS vs HC®

hsa.miR.32.3p Al Protective association with T2LV and BPF°

hsa.miR.330.5p

None relevant

Protective association with T2LV?, dysregulated in bipolar disorder®

hsa.miR.345.5p*

None relevant

Pathogenic association with T2LV?, upregulated in MS vs HC® and dysregulated in
both major depression and bipolar disorder®

hsa.miR.361.5p*

Al and ECM-receptor interaction

Pathogenic association with GMF, protective association with T1:T2, abnormally
expressed in Alzheimer disease, and major depression®

hsa.miR.503.5p

None relevant

Pathogenic association BPF®

hsa.miR.651.5p

None relevant

None relevant

hsa.miR.660.5p

None relevant

Protective association with BPF,® upregulated in SP/PP vs other neurologic disease,
RR vs SP, and protective association with EDSS®

Abbreviations: A] = adherens junction; BPF = brain parenchymal fraction; BPV = brain parenchymal volume; EBV = Epstein-Barr virus; ECM = extracellular
matrix; EDSS = Expanded Disability Status Scale score; GMF = (cortical) gray matter fraction; GMV = brain gray matter volume; HC = healthy control; IL =
interleukin; miRNA = microRNA; PP = primary progressive; PTSD = post-traumatic stress disorder; SP = secondary progressive; T2LV = brain T2 hyperintense

lesion volume; TGF-B = transforming growth factor beta; UCCA = upper cervical cord area.

MicroRNAs are arranged in numerical order.

2 Derived from DIANA miRPath v3.0 KEGG analysis using TarBase v7.0 at p < 0.05.22

P Regev et al.”

¢ Regev et al.*3,
Hommers et al.*®

€ Maffioletti et al.**

fBam et al.*®

& Mendes-Silva et al.*°

processes, a greater responsiveness to their disease modifying
therapy (DMT), or an enhanced reparative/remyelinating
ability, reducing the load of T2-hyperintense lesions.>* Overall,
our study lends insights into the inflammation-neurodegeneration
debate by highlighting the dissociation between cerebral lesions
and atrophy; we argue that although two-thirds of the patients
have congruent measures of lesions and atrophy, the one-third
that shows incongruence demonstrates that for at least a subset
of patients, these processes are somewhat independent. Early
stratification of MS into specific pathobiological pathways may
offer novel translational insights into individually targeted
therapeutics, especially for persons characterized by a more
degenerative (type III) phenotype that may derive reduced
benefit from traditional anti-inflammatory DMTs.
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Of note, our data also showed a strong overrepresentation of
smoking history, specifically in the type IV phenotype at
baseline, a finding which corroborates previous studies
demonstrating smoking as a risk factor for accelerated ac-
cumulation of T2LV, disability, atrophy, and conversion to
SPMS.>7

We characterized MRI phenotypes based on serum circu-
lating miRNA profiles, using a 2-year cohort selected for age
and sex balance, as well as stable MRI phenotype. Each MRI
phenotype demonstrated a unique miRNA signature, and we
found 16 miRNAs that differentiated the 4 phenotypes.
Three of these miRNAs were both internally consistent (e.g.,
no contradictory expression-level data in pairwise phenotype
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comparisons) and externally valid as compared to the liter-
ature (table e-4, links.lww.com/NXI/A93): hsa.miR.22.3p,
hsa.miR.345.5p, and hsa.miR.361.5p. DIANA miRPath
analysis>* of these specific miRNAs revealed that hsa.miR.22.3p
and hsa.miR.361.5p are both involved in blood-brain barrier
function including adherens junctions (sealing the endothelial
barrier), focal adhesion (of lymphocytes to the endothelium),
and extracellular matrix integrity (endothelial-lymphocyte
communication; table 4, figure e-4, links.Iww.com/NXI/
A93), a theme in microRNA regulation.*' Hsa.miR.22.3p is
additionally associated with TGF-beta signaling, involved
in the maturation of Th-17 cells believed to be important in
the development of MS.** Hsa.miR.345.5p demonstrated
a pathologic association with T2LV in previous work,” is
upregulated in MS vs HC,* and is dysregulated in both
major depression and bipolar disorder.** Of note, 4 of the
miRNAs (hsa.miR.145.5p, hsa.miR.193a.5p, hsa.miR.195.5p,
and hsa.miR.1972) were also consistently upregulated in type
I, suggestive of a protective role in MS pathology. However,
this protective aspect was not consistent with previous liter-
ature. Nonetheless we suggest these 16 miRNAs, especially
hsa.miR.22.3p, hsa.miR.345.5p, and hsa.miR.361.5p, may be
considered potentially relevant for future investigation.

Our study results are limited based on several factors. As
aretrospective analysis (of prospective data), data are subject to
systemic and selection biases, and we did not capture any dy-
namic treatment effects (substitution of 1 DMT with another,
IV steroid use) or comorbid medical conditions that could
contribute to miRNA or MRI results. However, we did com-
pare our cross-sectional and longitudinal cohorts for major
forms of selection bias; this did not reveal any significant
baseline differences in age, sex, disease duration, BPF, T2LV,
EDSS, and DMT usage (p > 0.0S, data not shown). In addition,
the MRI parameters used (T2LV, BPF) are unlikely to com-
pletely reflect the immunopathogenic process, especially at
1.5T. Spatial patterns of cerebral lesion topography have also
been demonstrated to be important predictors of disability,*
and we did not model this process here; similarly, we did not
quantify spinal cord disease, which could contribute to whole-
brain atrophy through Wallerian degeneration. However, our
results are more generalizable because of what would be ob-
served in the routine clinical setting. The interpretation of bi-
ological associations of circulating (extracellular) miRNAs is an
evolving process and requires further investigations; although
some authors present evidence that these circulating miRNAs
represent byproducts of cellular metabolism and death, there
are also data supporting their role in cell-cell signaling as active
paracrine or endocrine molecules.***’ Last, the miRNA anal-
ysis was hypothesis-generating; none of our results remained
significant after correction for multiple comparisons. Results
may thus represent type I statistical errors and must be inter-
preted with caution. Results are of a correlative nature only and
cannot be extrapolated to causation. They nonetheless provide
insights into potentially important biological pathways, which
may help explain MRI and clinical heterogeneity in MS.
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