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Abstract

Purpose of Review Multiple sclerosis (MS) is a chronic, immune-mediated demyelinating disorder of the central nervous
system. Age is one of the most important factors in determining MS phenotype. This review provides an overview of how
age influences MS clinical characteristics, pathology, and treatment.

Recent findings New methods for measuring aging have improved our understanding of the aging process in MS. New stud-
ies have characterized the molecular and cellular composition of chronic active or smoldering plaques in MS. These lesions
are important contributors to disability progression in MS. These studies highlight the important role of immunosenescence
and the innate immune system in sustaining chronic inflammation. Given these changes in immune function, several studies
have assessed optimal treatment strategies in aging individuals with MS.

Summary MS phenotype is intimately linked with chronologic age and immunosenescence. While there are many unan-
swered questions, there has been much progress in understanding this relationship which may lead to more effective treat-
ments for progressive disease.
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Keypoints

e Chronologic age is one of the strongest predictors of MS disease
phenotype.

o Older age is associated with less frequent MS relapses but also
relapse free progression.

e MS pathophysiology changes over time, shifting from highly
active inflammatory lesions driven by peripheral lymphocytes
to chronic slowly expanding lesions characterized by activated
microglia.

e Age can be measured chronologically or biologically by
telomere length, epigenetic age, and with multi-organ system
indices. Biologic age may be a more accurate representation of
overall aging than chronological age.

e Biologic aging results in immunosenescence, which results in
immune cells shifting to a chronic inflammatory phenotype and
secreting pro-inflammatory molecules.

o Aging is associated with numerous other age-related conditions
that affect disability progression in MS and treatment options.
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Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated demy-
elinating disorder of the central nervous system. Disease
presentation and clinical course are variable and significantly
influenced by an individual’s age. The average age of onset
is between 20 and 40 years with over 80% of cases initially
presenting with a relapsing and remitting phenotype [1]. Over
time many of these patients go on to develop a progressive
phenotype characterized by disability accumulation in the
absence of relapses. As our population ages and improvements
have been made in the diagnosis and management of MS, the
prevalence of MS has increased from 58 per 100,000 in 1990
to 309 per 100,000 in 2010 [2]. With improved treatment,
the average age of individuals with MS has also increased,
peaking at 50-59 in 2008 [2]. Because older age is one of the
main risk factors for progressive disease, the number of indi-
viduals living with progressive MS is expected to increase.
Our current MS treatments are effective in preventing relapses
but have been less effective in treating progressive disease,
creating a large unmet need. There are numerous age-related
changes in immune and neuronal function that affect MS phe-
notype, pathology, and treatment efficacy [3]. Understanding
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these changes is crucial for developing effective management
strategies for patients aging with MS. This review provides an
overview of how age influences MS clinical characteristics,
pathology, and treatment.

The clinical effects of aging in multiple
sclerosis

MS is typically diagnosed between the ages of 20 and
40 years, with a mean onset around 30 years [1]. However,
age of onset can range from childhood to older adulthood,
with age of onset affecting disease activity and clinical
course. Younger individuals tend to have more frequent
relapses, while older individuals have fewer relapses but
more progressive disability [4—6]. Chronologic age is
strongly associated with disability accumulation and con-
version to a progressive phenotype [4].

Pediatric-onset multiple sclerosis (POMS) accounts for
3-10% of all MS cases [5]. Approximately 99% of POMS
begins as relapsing—remitting MS, while primary progres-
sive MS is virtually nonexistent in this population [7]. In
comparison, primary progressive MS makes up approxi-
mately 10-15% of MS cases in the adult population with
a mean age of onset of 45 years [6, 8]. Gorman et al. dem-
onstrated nearly threefold higher relapse rates in POMS
patients compared to adult MS patients [5]. POMS is also
associated with a higher burden of T2 lesions on MRI and
more extensive axonal injury compared to adults, suggesting
more aggressive inflammatory relapses [9, 10]. Despite high
relapse rates, POMS patients tend to recover well and take
longer to reach ambulatory disability milestones compared
to adults [7]. The time to develop secondary progressive
MS is about 32 years in pediatric-onset disease compared
to 18 years in adult-onset disease [7]. Despite this, indi-
viduals with POMS reach disability milestones 7 to 12 years
younger than individuals with adult-onset MS [7].

In relapsing-onset MS, relapse rates decline with dis-
ease duration by approximately 17% every 5 years [11].
Individuals who are older at MS onset experience a more
rapid decline in relapse rates compared to individuals who
are younger at onset [11]. Tremlett et al. observed a 30.5%
decline in relapse rates for every 5 years disease duration
in individuals > 40 years, a 22.9% decline in individuals
3040 years, and a 6.9% decline in individuals <20 years
[11]. In addition, chronologic age is the most consistent
risk factor associated with progressive disease. Both pri-
mary and secondary progressive MS occur at a mean age of
45 years and follow similar clinical trajectories once estab-
lished, regardless of preceding relapse history [6, 8]. Older
age at time of relapsing—remitting diagnosis increases the
probability of developing secondary progressive disease
and shortens the interval in which individuals accumulate

@ Springer

ambulatory disability [4, 6]. Scalfari et al. found the risk of
converting to secondary progressive MS was doubled with
MS onset at 40 years and tripled with onset at 50 years, com-
pared to onset at 20 years [6]. This effect was independent
of disease duration [6]. The precise mechanism by which
age drives this phenotype shift is not fully elucidated but is
likely driven by intrinsic aging-related changes to immune
and nervous system function.

The effect of age on multiple sclerosis
pathophysiology

Acute demyelination is the hallmark of relapsing remitting
MS, but even early in disease course there is also evidence
of neurodegeneration. With aging and longer disease dura-
tion, there are shifts in predominant pathophysiology, which
is seen in both histology and imaging.

During the formation of an acute demyelinating lesion
or plaque, peripheral leukocytes, primarily CD8 + T cells,
monocytes, and macrophages, cross the blood brain bar-
rier of leaky venules and attack myelin sheathes [1]. This
is histologically characterized by perivenular infiltration
of leukocytes with surrounding demyelination (Fig. 1). On
MR, these lesions acutely appear as T2 hyperintense with
enhancement on T1 gadolinium sequences, the latter repre-
senting blood brain barrier breakdown [1]. Initially, neurons
may be left intact, but even early in lesion evolution there
is some degree of axonal loss and neuronal damage [1]. As
acute lesions heal, they cease to enhance and either decrease
in size or stabilize. More severe inflammatory lesions cause
significant axonal loss, leaving behind hypointense T1
lesions, informally termed “black holes™ [1]. Lucchinetti
et al. described four distinct pathologic subtypes of MS
lesions [12]. Type I and II were characterized by the above
described perivenular inflammation with type II expressing
more pronounced immunoglobulin deposition [12]. Type
III and IV lesions were characterized by oligodendrocyte
dystrophy with type IV lesions being seen exclusively in pri-
mary progressive MS and further characterized by extensive
oligodendrocyte loss and lack of remyelination [12].

With advancing chronologic age and disease duration,
the number of actively demyelinating plaques declines
[13]. Active plaques may be replaced by either inactive or
slowly expanding lesions (SELs), also referred to as chronic
active or smoldering plaques [13]. On histology, smoldering
plaques are primarily characterized by a rim of activated
microglia, macrophages and reactive astrocytes surrounding
a hypocellular, gliotic core (Fig. 1) [1]. The microglia and
macrophages at the lesion’s leading-edge express inflam-
mation associated proteins such as nitric oxide synthase
(iNOS), CD40, interleukins, complement, major histo-
compatibility complex (MHC) class II, and tumor necrosis
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Fig. 1 Early and Late Disease Stages in Multiple Sclerosis Lesion Phenotypes. Created with BioRender.com. Early disease stage in Relapsing/
Remitting MS (RRMS) lesions (a) are primarily acute active inflammatory lesions caused by leakage of peripheral lymphocytes through the
blood brain barrier (BBB) and secretion of pro-inflammatory markers activating inflammatory macrophages and resulting in demyelination and
reduced remyelination. Late disease state in progressive MS lesions (b) are primarily characterized as chronic active or “smoldering” lesions
caused by macrophage/microglia activation, leading to axonal loss and neurodegeneration. Activated microglia contribute to the chronic micro-
inflammatory environment that leads to OPC dysfunction and reduced remyelination. Created by biorender.com/

factors (TNFs) [14]. Absinta et al. described a unique inflam-
matory microglial transcriptional profile, termed “microglia
inflamed in MS” (MIMS), which overlaps with that of the
disease-associated microglia (DAM) observed in other neu-
rodegenerative diseases [15¢]. Within the gliotic core, there
is virtually no remyelination and remaining progenitor cells
express senescence markers such as pl6INK4a [14, 16].
Perivascular lymphocytic infiltrates are present, but to less
of an extent than in active MS lesions, and the blood brain
barrier remains largely intact [1, 13].

On neuroimaging, smoldering plaques rarely enhance and
instead may appear as slowly expanding lesions (SELs) or
paramagnetic rim lesions (PRLs) [17e]. SELs are character-
ized by gradual enlargement of preexisting T2 lesions on
serial imaging [17e]. Paramagnetic rim lesions (PRL) are
characterized by a rim of hypointensity on susceptibility
weighted imaging, representing the accumulation of iron-
laden activated microglia and macrophages at the leading-
edge of these lesions [17¢]. SELs and PRLs are present in
all MS phenotypes but are more frequent and numerous in
progressive MS [17e, 18]. PRLs correlate with increased
levels of neurofilament light chain (NFL) as a marker of
axonal injury and are histologically associated with persis-
tent inflammation, impaired remyelination, axonal loss, and
irreversible tissue degeneration [19].

With advancing chronologic age and disease duration
there is a shift in the underlying histologic and radiographic
characteristics of MS plaques. Frischer et al. found that
after approximately 30 years of disease duration there were
virtually no active plaques (0.002%), with most plaques

consisting of inactive (50%), smoldering (23%), or par-
tially remyelinated shadow plaques (20%) [13]. On aver-
age, smoldering plaques develop after a disease duration of
10 years and peak around 50 years of age [13]. These lesions
are associated with greater relapse-independent disability
accumulation and progressive MS [20]. Active MS plaques
are more likely to become smoldering plaques when they are
larger volume or occur in older individuals [17e]. For exam-
ple, active MS plaques that form in individuals > 35 years
are more likely to become smoldering plaques [21]. Overall,
smoldering plaques appear to correlate with the clinical tran-
sition between relapsing and progressive MS.

Brain atrophy is accelerated in individuals with MS com-
pared to healthy controls occurring at a rate of 0.7%-1% per
year and 0.1%-0.3% per year respectively [22]. MS-specific
atrophy accounts for a larger proportion of total brain atro-
phy earlier in the disease course but represents a diminishing
proportion as normal age-related atrophy accumulates with
advancing chronologic age [23]. Azevendo et al. demon-
strated that at 30 years most atrophy observed was attribut-
able to MS, while at 60 years most atrophy accumulation
was attributable to normal aging with little excess atrophy
attributable to MS [23]. The gray matter atrophy observed
is not entirely explained by white matter lesion volume
and likely represents local gray-matter demyelination and
neurodegeneration [23, 24]. Gray matter atrophy is seen in
all disease phenotypes, occurs early in the disease course,
and becomes more prominent with advancing disease [25].
Cortical demyelination has been shown to follow a superfi-
cial to deep gradient, suggesting inflammation being driven
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from the meningeal-subpial border [26, 27]. Cortical demy-
elination is associated with meningeal inflammation and
the development of meningeal lymphoid structures, which
resemble tertiary lymphoid structures but lack important
regulatory elements such as the FOXP3 +regulatory T cells
[27]. These meningeal lymphoid follicles are primarily
observed in progressive MS and are associated with more
aggressive disease and disability [27]. Furthermore, menin-
geal inflammation has been shown to induce phenotypic
changes in cortical microglia associated with neuronal loss
and may represent a pathologic mechanism behind cortical
neurodegeneration [28].

In summary, the clinical change from relapsing—remitting
MS to progressive MS is associated with a shift from highly
active inflammatory lesions driven by peripheral lympho-
cytes to chronic slowly expanding lesions characterized by
activated microglia.

Measuring somatic biological age
in multiple sclerosis

Chronologic age is defined by an individual’s birthdate,
whereas biological age is defined by biomarkers of the
overall aging process across different organ systems and
tissues. Several studies have shown that biological age var-
ies substantially in individuals with the same chronologic
age [29, 30]. Measuring biological age in patients with MS
may serve as a more precise measure of aging effects on the
disease [31, 32].

Telomere length is one of the most well studied meas-
ures of biological age. Telomeres are complexes of repeti-
tive nucleotide sequences and proteins at the end of chro-
mosomes, which act to preserve genomic stability during
replication [33]. With each cell division the telomere’s
terminal end is shortened due to the inability of DNA
polymerase to completely replicate the 5° ends of DNA.
Progressive telomere shortening ultimately leads to DNA
damage and initiation of signal cascades involved in cel-
lular senescence [34]. Telomere attrition is also influenced
by environmental stressors that lead to oxidative stress
[33]. Leukocyte telomere length (LTL) has been associated
with several age-related diseases such as cardiovascular
disease, diabetes, cancer, and dementia [35, 36]. LTL is
associated with increased mortality in patients with coro-
nary heart disease [35, 36]. Modifiable cardiovascular risk
factors such as smoking, obesity, and alcohol consumption
are associated with shorter telomere length while exer-
cise and adherence to a mediterranean diet are associated
longer telomere length [37-41]. Certain nonmodifiable
risk factors such as sex, race, and socioeconomic fac-
tors also influence telomere length [42—44]. Shorter LTL
has been associated with autoimmune disorders such as
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rheumatoid arthritis (RA) and systemic lupus erythema-
tosus (SLE) which may be driven by increased oxidative
damage from chronic inflammation and accelerated lym-
phocyte turn over [45].

Telomere attrition is associated with progressive MS
phenotypes and disability progression. Krysko et al. found
that shorter LTL is associated with disability accumula-
tion and brain atrophy in MS patients, independent of
chronological age, sex, and disease duration [31]. In this
study of over five hundred participants, telomere attrition
explained 15% of variance of the effect of chronological
age on disability [31]. Hecker et al. showed that shorter
baseline LTL is associated with a higher conversion rate
to SPMS after 10 years [46]. Habib et al. observed shorter
LTL in patients with MS compared to controls. In patients
with MS, LTL was shorter in patients with progressive
MS compared to RRMS [45]. Redondo et al. demonstrated
accelerated telomere shortening in bone marrow mesen-
chymal stromal cells of MS patients relative to healthy
controls [47]. These findings suggest biological aging con-
tributes to disability progression, brain atrophy, and cel-
lular aging in MS. Chronic inflammation in MS may lead
to increased oxidative damage and lymphocyte turnover,
causing premature cellular senescence in lymphocytes and
other neighboring cells.

Other biomarkers of biological aging include epige-
netic clocks based on DNA methylation (DNAm) patterns.
These clocks have been shown to estimate accelerated bio-
logical aging in a variety of disease states [48]. Levine
et al. demonstrated an association between accelerated
DNAm age and both cognitive decline and neuropatho-
logic biomarkers in Alzheimer’s disease [49]. Shireby
et al. developed a DNAm clock specifically calibrated to
human cortical tissue, which outperformed DNAm clocks
developed for other tissues [48]. Kular et al. used Shire-
by’s cortical clock to demonstrate increased epigenetic
age acceleration in the glial cells of MS patients com-
pared to controls [50]. Maltby et al. recently demonstrated
advanced epigenetic age (“GrimAge”) in B cells of par-
ticipants with MS [51e]. While both LTL and epigenetic
clocks assess biological age, there is only modest corre-
lation between the two methods suggesting a benefit in
combining these methods [52, 53].

Another approach to measuring biological age is to use
multi-organ system indices. These may be more robust than
single biomarker markers to capture an organism’s overall
susceptibility to the deleterious effects of aging. Miner et al.
reported accelerated biological aging in MS participants
compared to controls using the NHANES Biological Age
Index [54e]. This index uses readily available clinical values
such as blood pressure and creatinine to estimate biologic
age. It has been shown to accurately predict mortality and
risk of cardiovascular disease [54e].



Current Neurology and Neuroscience Reports (2024) 24:83-93

87

Senescent cells in multiple sclerosis

Age-related immune dysfunction, referred to as immunese-
nescence, is characterized by the impaired ability to respond
to novel antigens and chronic low-grade inflammation [55].
Age-related changes in adaptive immunity are characterized
by decreased peripheral naive T cells, increased terminally
differentiated memory T cells, senescent B cells and the
development of the senescence-associated secretory pheno-
type (SASP) in lymphocytes and myelocytes. As individuals
age, repeated antigenic exposures cause peripheral naive T
cell activation, replication, and eventual terminal differen-
tiation into effector memory T cells [55]. This gradually
depletes the reserve of peripheral naive T lymphocytes and
reduces an individual’s ability to respond to novel antigens
such as new infections or vaccinations [55].

Terminally differentiated effector memory T cells take
on a senescent phenotype, losing their costimulatory CD28
molecule, and expressing a variety of soluble and insoluble
senescence markers including CD27, CD57, KLRG1, and
granzyme K [55, 56]. Senescent T cells are proinflamma-
tory, fill up immunologic space, and are less responsive
to regulatory mechanisms [57]. Immunologic senescence
has been reported to occur earlier in individuals with MS
compared to controls, which may be due to increased
antigenic stimulation in the setting of chronic inflamma-
tion [58]. Thewissen et al. demonstrated decreased T cell
receptor excision circles (TRECs), a measure of thymic
function, in MS patients relative to controls, suggesting
premature thymic involution [57, 59]. Thewissen et al.
also found higher levels of senescent CD4 + CD28(null)
T cells in patients with MS compared to controls [57, 59].
Claes et al. found increased senescent B cells, expressing
[gD-CD27(null) and CD21(null)CD11c +, in MS patients
compared to controls [60]. Senescent B cells contribute to
inflammation by activating T cells and producing proin-
flammatory cytokines [60].

Microglia are the primary innate immune cells of the
central nervous system and play an integral role in immune
surveillance, coordinating immune responses, and clearing
debris [61]. As individuals age, their microglia undergo
senescence, wherein they develop dysmorphic features,
impaired mobility, impaired phagocytic capacity, and a
proinflammatory phenotype [62—-64]. Matsudaira et al. dem-
onstrated that microglia expressing the senescent marker
pl16INK4a accumulate in the brains of old mice [65¢]. Fur-
thermore, this marker was associated with disease-associ-
ated microglia (DAM), a subset of microglia expressing
characteristic transcriptional signatures found in the brains
of the elderly or individuals with neurodegenerative disease
[65¢]. As microglia enter senescence, their ability to travel
to sites of injury and phagocytose debris becomes impaired,

which impedes the repair of damaged tissues in the cen-
tral nervous system [62, 63]. Additionally, aged microglia
develop a proinflammatory phenotype, expressing certain
surface molecules (MHC II, CD11b, CD68, and CD86) and
increased production of mRNA coding for proinflammatory
cytokines (TNFa, IL-1B, and IL-6) [64]. This inflammatory
phenotype results in more aggressive, protracted inflamma-
tory responses to antigenic stimulation [64]. Together, these
senescent changes contribute to an environment of chronic
inflammation and impaired healing.

Age-related failure of remyelination
in multiple sclerosis

Demyelinated axons can be repaired through the spontane-
ous regenerative process of remyelination, which restores
function and preserves axonal integrity [66]. Remyelina-
tion can be driven by both surviving, mature oligodendro-
cytes and new oligodendrocytes derived from oligoden-
drocyte progenitor cells (OPCs) [67]. Remyelination slows
as individuals age leaving more axons demyelinated and
increasingly vulnerable to degeneration [68, 69]. Animal
studies suggest age-related remyelination failure is related
to impaired activation, recruitment, and differentiation of
OPCs [66, 70]. In animal models, aged OPCs are unrespon-
sive to pro-differentiation signals and fail to differentiate
into mature oligodendrocytes preventing remyelination
[71]. Differentiation may be impaired by inhibition from
soluble factors related to chronic inflammation and/or age-
related loss of regenerative potential in OPCs (Fig. 1) [66,
70-72]. Willis et al. demonstrated that extracellular vesi-
cles (EVs) from astrocytes helped support oligodendrocyte
differentiation and that this benefit was lost as astrocytes
aged and developed a pro-inflammatory, senescence-like
phenotype (Fig. 1) [73¢]. Senescent astrocytes also impact
synaptic plasticity, metabolic homeostasis and blood brain
barrier permeability, further impacting neuronal recovery
and function [74].

Age-related remyelination impairment has been impli-
cated in the transition from relapsing to progressive MS.
Remyelination occurs more frequently at younger ages and
earlier in the disease course and wanes over time [75]. Hess
et al. identified remyelination in 40% of acute MS plaques,
while 89% of smoldering plaques had no evidence of remy-
elination [72]. Hess et al. demonstrated that supernatant
from activated microglia prevented terminal differentiation
of pluripotent stem cell derived oligodendrocytes, suggest-
ing chronic inflammation driven by microglia may contrib-
ute to preventing remyelination [72].

Damage from cellular aging appears to be reversible.
OPC differentiation capacity in aged OPCs have been
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restored with treatment using fasting-mimetic metformin
[71], increased expression of transcription factor c-MyC
[76], increased expression of retinoid X receptor gamma
(RXR-y) [77], and other biologically and synthetically
produced environments [78]. These studies suggest that
nutrient regulation, signaling pathways, and biomechanical
structure contribute to rejuvenating remyelination processes.
As such, cell therapies could pose a promising treatment
to MS lesions, as regulation of these rejuvenating factors
could restore OPCs, even if transplanted cells are aged. In
addition to restoring OPC proliferation and differentiation
into remyelinating oligodendrocytes, alternative treatments
could reverse age-related effects of microglial-macrophage
populations that regulate lesion environments [79-81].

Reproductive aging in multiple sclerosis

In addition to somatic aging, reproductive aging may influ-
ence MS phenotype. Sex hormones have widespread effects
on many biologic systems including the immune and nerv-
ous systems. In animal models, sex hormones have both anti-
inflammatory and neuroprotective effects [82]. In both males
and females, the production of sex hormones declines over
time [83]. This change may drive changes in MS disease
expression over the lifespan.

MS most commonly occurs in young adulthood where
the female to male ratio is 3:1. Before puberty and after
menopause the sex ratio is closer to 1:1, suggesting the
importance of the two reproductive milestones in defining
the lifespan period of sex dimorphism in MS [83]. Animal
models suggest the sex differences observed in MS inci-
dence are due to intrinsic sex differences in biology rather
than gender based environmental factors [71]. Borziak
et al. recently described 20 X-linked single nucleotide poly-
morphisms (SNP) involved in immunity and myelination
function which were more common in individuals with MS
[84e]. The decreased MS prevalence in males may be related
to protective effects from testosterone, however males tend
to have more severe progression at younger ages. Females
catch up to males in terms of disability progression after
menopause. The mean age of onset of progressive MS is
around 45, which aligns with perimenopause in women [83].

Estrogen has a dose dependent effect where it stimulates
the immune system at the lower levels seen in menstrual
cycling and suppresses the immune system at the higher
levels observed in pregnancy [85, 86]. This correlates with
the observations that earlier age of menarche is associated
with increased risk of MS, while pregnancy has been shown
to be associated with a decreased risk of MS in a “dose
dependent” fashion [87]. In patients with MS, pregnancy
is associated with a reduced risk of relapse, while this risk
transiently increases postpartum [83].
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Perimenopause is a prolonged and critical biological tran-
sition period associated with a decline in female sex ster-
oid hormones. Bove et al. and Baroncini et al. separately
demonstrated an accelerated functional decline following
the perimenopausal-menopausal transition [88, 89]. Zeydan
et al. found that premature/early menopause was associated
with earlier onset of progressive MS [90]. Graves et al. dem-
onstrated that AMH levels, as a sensitive marker of ovarian
aging, were associated with significant increases in dis-
ability and gray matter atrophy, even with adjustment for
chronological age, BMI, and disease duration for women
with MS [91]. These studies suggest a relationship between
sex hormone concentrations and disease phenotype, and a
particular link between the decline in female sex hormones
and progressive disease.

Age-related comorbidities in patients
with multiple sclerosis

Advancing biological age also increases the risk of comorbid
illnesses in patients with MS. Vascular comorbidities are
associated with faster time to needing to walk with a cane
[92]. Obesity and hyperlipidemia are also associated with
increased disability and relapse rate in individuals with MS
[93, 94]. The risk of MS disability progression is increased
greater than 200% in individuals with 2 or more comorbidi-
ties [92].

Several studies have found a higher prevalence of hyper-
tension, hyperlipidemia, and cardiovascular disease in indi-
viduals with MS compared to the general population [95,
96]. One study found a 1.5-fold increase in cardiovascular
mortality in individuals with MS [96]. On autopsy there is
increased cerebral small vessel disease in individuals with
MS compared to age matched controls [97]. The exact rea-
son for these differences is unclear and is likely multifacto-
rial. Disability frequently limits an individual’s ability to
exercise, contributing to weight gain and metabolic dys-
function. Altered immune function and accelerated biologic
aging in individuals with MS may also contribute [95]. In
conditions like rheumatoid arthritis and psoriasis, the risk
of vascular disease is not fully explained by traditional car-
diovascular risk factors and is hypothesized to be driven by
inflammatory activity [95].

Comorbidities can increase risk of side effects with dis-
ease modifying therapies, another complication arising in
those aging with MS. Uncontrolled hypertension may pre-
clude the use of teriflunomide or sphingosine-1-phosphate
receptor modulators, both of which can cause hypertension
[98] Diabetic retinopathy may increase the risk of macular
edema in patients using sphingosine-1-phosphate receptor
modulators [98]. The risk of malignancy increases with
age and may be increased by immunosuppressants. Several
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DMTs have been associated with malignancy [99]. One
study found increased cancer incidence among MS patients
in the treatment era compared to the pre-treatment era
[100]. Given the potential for increased malignancy risk,
it is important that MS patients are regularly screened for
cancer. Unfortunately, Groome et al. found that MS patients
were less likely to have cancer detected by routine screen-
ing due to missed routine screening because of MS related
disability [101].

Clinical management of aging individuals
with multiple sclerosis

Aging and immunosenescence result in increased infection
risk and waning efficacy from currently available disease
modifying therapies (DMTs). Most DMT trials specifically
exclude individuals over 60 years and use the number of
relapses and/or new lesions as primary outcomes. This has
resulted in DMTs that are effective in preventing relapses in
younger individuals, but which have less robust efficacy in
treating older individuals with progressive MS. [18, 21, 102,
103]. The exclusion of older individuals from clinical trials
limits our ability to apply these data to this population and
highlights the need for further studies addressing treatment
in this population.

At the time of writing this article there are over 20 DMTs
indicated to treat relapsing forms of MS, including active
secondary progressive MS. Most of these medications have
been shown to reduce disability progression in the younger,
relapsing populations in which they were studied. Cur-
rently, only anti-CD20 therapies (e.g., ocrelizumab) are FDA
approved to treat primary progressive MS [90]. Despite hav-
ing a few DMTs demonstrating efficacy in progressive forms
of MS, these effects are primarily demonstrated in younger
individuals with active progressive disease manifesting with
either enhancing MRI lesions or clinical relapses [98, 102,
104]. The ORATORIO and EXPAND studies showed less
efficacy on disability progression in patients over 45 years
taking ocrelizumab or siponimod, respectively [102, 103].
The OLYMPUS study showed no benefit from rituximab in
patients > 51 years without gadolinium enhancing lesions
[105]. A Swedish national post-marketing surveillance study
of natalizumab showed no significant change in EDSS in
individuals > 50 years [106].

Safety is a major concern when using DMTs in older adults
with MS. Immunosenescence results in impaired adaptive
immunity, increasing susceptibility to infection and reduc-
ing the effectiveness of vaccines [55]. Most DMTs suppress
the immune system and increase the risk for infection. Most
MS clinical trials have not enrolled individuals > 55 years
which limits the ability to apply available safety data to this
population. One study looking at infection-related healthcare

utilization in individuals with MS found increased risk of
infection in all age groups compared to the general popu-
lation. The increased risk of infection was higher in indi-
viduals > 60 years (2.7-fold) compared to <40 years (1.5-
fold) [107]. Specific age-related infection concerns include
increased John Cunningham virus (human polyomavirus
2) seroconversion and VZV reactivation. In addition to the
increased infection risk, older individuals have more medi-
cal comorbidities which may put them at greater risk of other
medication side effects as detailed above.

Given the increasing risks and waning benefits associated
with DMT use in advancing chronologic age, there is a need
for evidence based DMT discontinuation guidelines. Several
studies have sought to answer this question, but most data are
observational. Yano et al. found no significant difference in
time to next clinical or radiologic event in patients who dis-
continued DMT after 2 years of stability compared to patients
who remained on DMT [108]. They noted a significant dif-
ference in time to disease activity between patients > 45 years
compared to patients <45 years [108]. Hua et al. found that
most individuals over 60 years who discontinued DMTs after
a period of stability remained off DMTs without relapse [109].
Coever et al. found that older age at time of DMT discontinu-
ation was associated with less clinical or MRI activity, report-
ing recurrent disease activity in 25.3% of patients > 55 years,
compared to 82.4% of patients <45 years of age [110]. While
these studies suggest it may be safe to discontinue DMTs in
older patients, they are limited by their observational designs.
DISCOMS was a recently published randomized, controlled,
non-inferiority trial investigating DMT continuation vs dis-
continuation in MS patients > 55 years. Relapse or new
expanding brain lesion occurred in 4.7% of patients on DMT
compared to 12.2% of patients who discontinued DMT. The
authors were unable to conclude that discontinuing DMT
was non-inferior to continuation [111e]. Importantly, clinical
events were low in both groups with no significant difference
in relapse or progression. Instead, most primary events were
MRI lesions of uncertain clinical relevance [111e]. Together,
these studies suggest that DMTs can be safely discontinued in
most older individuals, however, there are exceptions and the
decision to do so still has to be made on a case-by-case basis.
The measurement of biological age may in the future aid in
this decision-making. Two other randomized controlled trials
are underway in France (NCT03653273) and the Netherlands
(NCT04260711), which will hopefully provide additional
guidance on discontinuing DMT [111e].

Conclusions
As individuals with MS age, their clinical phenotype and

the pathophysiology that underlies it change. Initially the
disease is characterized by frequent, highly inflammatory
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relapses, which gradually become less frequent, and ulti-
mately give way to progressive, relapse-independent disabil-
ity accumulation. The change in clinical phenotype is driven
by fundamental shifts in the underlying pathophysiology.
from highly active inflammatory lesions driven by periph-
eral lymphocytes to chronic slowly expanding lesions driven
by activated microglia. This change marks a shift from the
adaptive immune system to the innate immune system. Cel-
lular senescence in the immune and central nervous system
also contributes to changes in pathophysiology and treat-
ment responses. Current treatment strategies are effective
in preventing relapses but are less effective in preventing
progressive disease. This likely reflects the fact that current
treatments target the adaptive immune response but are less
effective in altering innate immunity. In addition, older indi-
viduals have different comorbidities and are at higher risk of
infection, which needs to be taken into consideration when
making treatment diseases. Understanding the clinical and
pathologic changes that occur as individuals with MS age is
critical to providing care and developing future treatments.
Chronologic or biologic age needs to be more specifically
considered when designing clinical trials, and older indi-
viduals need to be increasingly included in future trials.
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