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A more detailed understanding of the neuropathology of progressive multiple
sclerosis (PMS) is producing new potential targets and strategies for disease
control. PMS, like relapsing-remitting multiple sclerosis (RRMS), is driven
by global brain atrophy, slowly expanding lesions, and inflammation, but
dominant characteristics differ, including a more prominent role for activation
of microglia, oxidative stress, and involvement of T and B lymphocytes
compartmentalized beyond the blood-brain barrier (BBB). The relative role
of therapies on these features and the degree of penetration into the central
nervous system (CNS) parenchyma to attenuate inflammatory activity and
other causes of neurodegeneration are likely to be essential for targeting
PMS. These differences might explain why some existing therapies, such
as siponimod, exhibit activity against PMS, while other therapies with
an anti-inflammatory effect, such as teriflunomide, may not. The current
understanding of PMS neuropathology suggests a greater opportunity for
disease modification if treatment is started early in the course of injury to the
CNS. It is also providing a framework for predicting which of the therapies in
clinical development offer the greatest potential for control of PMS.
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Background

Three major phenotypes of multiple sclerosis (MS) are
generally recognized, with RRMS representing the initial
diagnosis in about 85% of patients.! Natural history studies
indicate that the majority of patients with RRMS transition
to the secondary progressive (SPMS) phenotype within
20 years; however, this is variable as a small subset of
patients never makes the transition, while it has occurred
within a year in others.? Approximately 15% percent of
MS patients at diagnosis have progressive disease, called
primary PMS (PPMS)' (Figure 1). There are no universally
accepted clinical, imaging, or biomarker criteria to
define primary or secondary PMS, but an accumulation
of sustained functional loss with few, diminishing, or no
remitting symptoms provides a PMS diagnosis whether at
disease onset or at the end of the RRMS phase.

FIGURE 1 | Initial distribution of MS Patients and Transition

over Time
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Adapted from Barzegar M, Najdaghi S, Afshari-Safavi A, et al. Mult Scler Relat
Disord 2021;54:103115.

Due to differences in clinical course of PMS relative to
RRMS, the hypothesis that these might represent distinct
disease entities has persisted for decades.** However,
it has become clear that the neuropathological features
within the CNS differ in extent, rather than absolute or
binary, when the progressive phenotypes are compared
to the RR presentation.**® The inability of most therapies
approved for RRMS to achieve meaningful benefit in PMS
might be related to these differences. This provides a
basis for postulating that viable targets for disease
modification of RRMS and PMS phenotypes will differ for
the goal of modifying pathology that drives symptoms
and progression.

For example, even though lymphocyte infiltration is
a prominent feature of RRMS, it tends to be limited to

perivascular aggregation in this phenotype.”® This
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vascular inflammation plays a role in disrupting
the BBB, which might play a role in the transition to
PMS.? Lymphocytes tend to be diffusely distributed
within the CNS parenchyma in PMS, and the BBB is
relatively intact in these phenotypes.®® The result is
the compartmentalization of lymphocytes within the
CNS parenchyma® and sequestering these cells
from therapies that do not cross the BBB. Moreover,
the predominant microglia/macrophage-mediated
inflammation within the CNS parenchyma of PMS has
often been contrasted to the substantial lymphocyte
infiltration that characterizes RRMS.’

There are other examples of quantitative rather
than absolute differences in PMS relative to RRMS
neuropathology,® but the compartmentalization of
lymphocytes is a good example as to why therapies for
RRMS are not necessarily effective for PMS.

Current Treatments: Activity in PMS

After an extended period in which beta interferons and
glatiramer acetate were the only approved therapies for
RRMS, nearly 20 additional disease-modifying therapies
(DMTs) have been made available in Canada over the
past 15 years. The proliferation of therapies for RRMS has
established the value of numerous targets, such as B-cells
and transcription factors, to attenuate damage to the CNS
during the period of relapsing-remitting disease. In contrast,
there are so far only two approved therapies in Canada for
PMS phenotypes. Both were approved relatively recently,
but progress in therapeutics is paralleling advances
in characterizing the neuropathology of PMS. Both are
providing a framework for understanding how the disease
course can be modified while offering clues toward
development of a new generation of drugs.

In Canada, one drug, the sphingosine 1-phosphate receptor
(S1PR) modulator siponimod, is a licensed agent for the
treatment of SPMS. The anti-CD20 monoclonal antibody
ocrelizumab is approved for use in PPMS. The approval
of siponimod was granted on the basis of the multicenter
phase 3 EXPAND trial that associated this therapy with a
21% (P=0.013) reduction in confirmed disability progression
relative to placebo at 12 weeks'®. In an EXPAND study
subgroup analysis, the risk of 6-month confirmed
disability progression was reduced by 37% (P=0.004) in
active SPMS patients (Figure 2)." As a modulator of the
S1PR, siponimod regulates lymphocyte recirculation
but it has other characteristics observed clinically or in
experimental models that are likely relevant to activity
in PMS, including its ability to cross the BBB,'? attenuate
microgliosis and astrogliosis,”® and reduce oxidative stress
and mitochondrial injury.’
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FIGURE 2 | EXPAND Study Subgroup Analysis: 6-month CDP in Patients with Active SPMS
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CDP: confirmed disability progression; Cl, confidence interval, HR: hazard ratio, SPMS: secondary progressive multiple sclerosis
Adapted from Gold R et al. As presented at ECTRIMS 2019, P750."

Ocrelizumab was granted a conditional approval for
primary PMS on the basis of the multicenter phase 3
ORATORIO trial that described a 25% reduction in
confirmed disability progression relative to placebo at
12 weeks.”® After more than 5 years of follow-up in an
open-label extension, the proportion of patients with
6-month confirmed disability progression was reduced
by 13% (P=0.0018)" (Figure 3). Despite the clinical benefit
observed in the ORATORIO trial, the large molecular size
of monoclonal antibodies argues against substantial BBB
penetration,'” a limitation that raises concern about a
sustained effect.

Neuropathology of PMS: Six Criteria to Impact
Strategies for Therapy

In predicting therapies likely to inhibit disease activity in
PMS, the relative ability of therapies to cross the BBB is
reasonably considered an essential feature of drugs with
a disease-modifying potential, but there are others. In a
recently-published review of PMS neuropathology, a total
of 6 criteria were identified as likely predictors of benefit.
None are proven features of effective therapy, but, like the
ability to penetrate the BBB, they are reasonable based on
the characterization of PMS neuropathology.®

In defining how PMS differs from RRMS, accumulation of
disability is reflected by the accelerated disease process

on imaging and histochemical analysis. Relative to RRMS,
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PMS imposes a greater degree of neuroaxonal loss per
lesion volume.' The plague-like slowly expanding lesions
(SELs) typical of PMS and less prominent in RRMS,
show radial expansion in the white matter, contributing
to atrophy that is likely a contributor to neurologic
dysfunction. Importantly, there has been progress in
understanding the drivers of SELs, several of which appear
to be targetable.

Specifically, within the compartmentalized
neurodegeneration that characterizes PMS, there is
evidence that oxidative stress, mitochondrial dysfunction,
and iron toxicity, which are less well described in RRMS,
are all important and contributing factors in PMS
phenotypes.® Although most of these factors can be
detected at the earliest stages of disease, they assume
a greater role in PMS, when microglia, in particular,
switches from a reparative role that includes phagocytic
removal of myelin debris, and begins to participate in
neurodegeneration."”

Based on these features of disease, attractive
characteristics of agents designed for PMS would, in
addition to the ability to cross the BBB, inhibit lymphocyte
activity, particularly the cytotoxicity of B cells in the CNS,?°
attenuate microglial reactivity,?"?? reduce oxidative stress
through antioxidant activity,?® promote remyelination,? and
exert neuroprotection.®
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FIGURE 3 | ORATORIO Open-Label Extension Trial in Patients with Primary PMS: Advantage of Starting on Ocrelizumab vs.
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Some or all of these targets might also be relevant to
disease-modifying effects in RRMS, but there is a basis to
argue that most or all are required for disease-modifying
effects in PMS. The greater isolation of inflammatory
processes in the CNS parenchyma, the evidence of more
pronounced pathogenicity exerted by oxidative stress
and iron toxicity, the higher microglial reactivity, and the
greater loss of myelin, indicate that disease progression
is driven by multiple processes.® On a theoretical basis,
favorable effects on these targets predict the attenuation
of disease processes, but they also correspond with
features of drugs that have shown activity in PMS.

Most of the agents currently licensed for RRMS have at
least one of these characteristics, but fewer have activities
on 3 or more. Exceptions include cladribine, which is likely
to cross the BBB, depletes lymphocytes in the CNS and
inhibits microglia reactivity, but it is not known to have any
antioxidant effect. Dimethyl fumarate, which also crosses
the BBB, has also been associated with lymphocyte
depletion and has an antioxidant effect, but is not known
to inhibit microglial reactivity (Table 1).

Except for siponimod, which meets all six criteria, the only
currently-approved agent to meet more than three criteria

is fingolimod, which meets 5. Like siponimod, fingolimod
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also regulates S1P1, but has less selectivity, blocking
the activity of STP3, S1P4, and S1P5 as well. Siponimod
also differs for its pharmacokinetic characteristics in the
CNS, and it is not a prodrug. Fingolimod has not been
clearly associated with remyelination directly, although
studies have been conflicting. In addition, fingolimod,
unlike siponimod, has not been associated with a disease-
modifying effect for PMS in a major trial. In a phase 3
study that enrolled patients with primary PMS, fingolimod
was not associated with significant protection against
accumulation of disability.?®

Targets of Disease Modification in PMS

Early in its course, MS is a disease of upregulated
inflammatory factors, but PPMS and the transition
from RRMS to SPMS appear to involve a far more
complex interplay of factors that lead to CNS
injury. Inhibition of conventional components of an
inflammatory response, such as T and B cells, appears
to be important but insufficient when neuronal loss
advances in PMS. As suggested by the activation of
microglia and macrophages, by neuronal damage
exacerbated with oxidative stress and iron deposition,
and by increasing mitochondrial dysfunction, it is likely
that effective therapy will depend on action against
multiple targets.
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TABLE 1 | DMTs: Six Key Therapeutic Criteria that Influence Progressive MS

Cladribine LIKELY? YES® YES:® Unclear? Unclear Unclear 3/6
Dimethyl-  LIKELY YES Unclear  YES:via NRF2 Unclear Unclear 3/6
fumarate pathway
Fingolimod  YES YES: peripheral YES YES Unclear YES 5/6
sequestration is likely (conflicting (limited data) (however, the
to reduce aggregation reports) INFORMS trial in
of lymphocytes in CNS PPMS was negative)
barriers
Glatiramer SPECIFIC No° No® No® Unclear® Unclear® 1/6
acetate CELLS®
IFNB No YES: inhibition of No No No No 1/6
leukocyte migration
Ocrelizumab No YES: peripheral deple- No No No No 1/6
tion of B cells is likely
to reduce aggregation
of lymphocytes in
CNS barriers
Teriflunomide YES YES No No No (in vitro data only) No 2/6
Siponimod YES YES: similar YES YES YES YES 6/6
mechanism to (positive data in
fingolimod EXPAND trial in SPMS)
When interpreting the data in this table, it is important to note that each criterion is given equal weight and is on an ordinal scale. The true weighting of each criterion remains to
be elucidated. BBB, blood-brain barrier; DMTs, disease- modifying therapies; MS, multiple sclerosis; PPMS, primary progressive MS; SPMS, secondary progressive MS. 2Short
administration course may render drug insufficient to affect CNS activities chronically. ®Glatiramer acetate- reactive T helper 2 cells and regulatory monocytes might enter the CNS
to confer some repair and neuroprotection.
Adapted from Yong, HYF and Yong, VW. Nat Rev Neurol. 2022 Jan;18(1):40-55.

Many novel therapies are being pursued. For example,
the antioxidant alpha-lipoic acid (ALA), an endogenous
chemical that readily crosses the BBB, has already
been tested in a controlled trial in SPMS, demonstrating
protection against loss of brain volume and a trend for
protection against disability.?® Inhibitors of Bruton’s
tyrosine kinase (BTK), which appear to mediate microglial
activity, have an antioxidant effect while inhibiting the
activity of B cells. While several trials are ongoing
with BTK inhibitors in RRMS, phase 3 trials in PMS are
now enrolling patients, according to clinicaltrials.gov,
which lists studies with tolebrutinib, remibrutinib and
fenebrutinib. Similarly, the phosphodiesterase inhibitor
ibudilast, which also mediates microglial activity, has
shown more encouraging disease-modifying effects in
early trials conducted in patients with primary PMS than
it has in SPMS, suggesting that key targets in these two
PMS phenotypes may differ.?”

The signals of benefit from these experimental therapies
are encouraging. The first therapy to be approved for PMS
in Canada was ocrelizumab in 2018. Siponimod, the second,
was approved in 2020 for SPMS. These therapies establish
a foothold for considering new strategies for addressing
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the pathogenic mechanisms of PMS. It is reasonable
to speculate that the greatest benefits from disease
modification will be achieved early before irreversible CNS
injury. If the underlying causes of PMS can be addressed,
early treatment might include preventing the transition from
RRMS to SPMS or at least modifying the neural substrates
of disease progression. With evidence that some of the
pathogenic features of SPMS are present during RRMS,
the progress in understanding SPMS might lead to new
opportunities to preserve neurologic function.

Summary

In an examination of the neuropathology of PMS, six
criteria have been identified for agents with the greatest
likelihood to inhibit disease progression. By targeting
most or all of these criteria, which include penetration
of the BBB, inhibition of lymphocyte activity, inhibition
of microglial reactivity, reduction of oxidative stress,
promotion of remyelination, and neuroprotection, the goal
is to restore or at least preserve CNS function, preventing
disability. The efficacy of siponimod, which meets these
criteria, indirectly supports the value of these targets,
while providing a direction for identifying additional
therapies with disease-modifying effects on PMS.e
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