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Abstract

Background: Individual disease modifying therapies approved for multiple sclerosis (MS])
have limited effectiveness and potentially serious side effects, especially when administered
over long periods. Sequential combination therapy is a plausible alternative approach.
Natalizumab is a monoclonal therapeutic antibody that reduces leukocyte access to the
central nervous system that is associated with an increased risk of progressive multifocal
leukoencephalopathy and disease reactivation after its discontinuation. Cladribine tablets act
as a synthetic adenosine analog, disrupting DNA synthesis and repair, thereby reducing the
number of lymphocytes. The generation of prospective, rigorous safety, and efficacy data in
transitioning from natalizumab to cladribine is an unmet clinical need.

Objectives: To test the feasibility of transitioning patients with relapsing forms of MS
natalizumab to cladribine tablets.

Design: Cladribine tablets after treatment with natalizumab (CLADRINA] is an open-label,
single-arm, multicenter, collaborative phase IV, research study that will generate hypothesis
regarding the safety, efficacy, and immunological impact of transition from natalizumab to
cladribine tablets in patients with relapsing forms of MS.

Methods and analysis: Participants will be recruited from three different sites. The primary
endpoint is the absolute and percent change from baseline of lymphocytes and myeloid cell
subsets, as well as blood neurofilament light levels. The secondary endpoint is the annualized
relapse rate over the 12- and 24-month trial periods. Exploratory endpoints include the
expanded disability status scale, and magnetic resonance imaging outcomes.

Discussion: The CLADRINA trial will generate data regarding the safety, efficacy, and
immunological impact of the transition from natalizumab to cladribine. As the pace of
immunological knowledge of MS continues, insight into disease modifying therapy transition
strategies is needed.
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disability in young people.! The treatment options
for early relapsing forms of MS have expanded
substantially over the past three decades, with
more than 20 different disease-modifying thera-
pies (DMTs) having achieved FDA approval to

Background

Multiple sclerosis (MS) is an immune-mediated
inflammatory, and ultimately neurodegenerative
disorder of the central nervous system (CNS).
MS is the most common non-traumatic cause of
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date.? All current FDA-approved therapies essen-
tially have immunomodulatory properties through
depletion of leukocyte subsets, impacting leuko-
cyte activation or differentiation, or by their
sequestration out of the brain, optic nerves, and
spinal cord. Each therapy has its own balance of
benefits and risks that are selected with the patient
to optimally treat their disease.?

Natalizumab is a therapeutic recombinant mono-
clonal antibody (mAb) that binds to alpha (a)4-
integrin and interferes with the adhesion and
diapedesis of leukocytes into the CNS.
Natalizumab is considered to be highly effective
in diminishing MS disease activity, namely the
occurrence of disease relapses and new signal
changes on brain magnetic resonance imaging
(MRI). Unfortunately, natalizumab is associated
with an increased risk of progressive multifocal
leukoencephalopathy (PML), an opportunistic
infection of the brain with the polyomavirus JC.
Patients with MS at high risk for PML can be
identified by the JC virus antibody serum status,
the duration of natalizumab treatment, and the
prior treatment with immunosuppressive agents.*
Importantly, two of these risk factors change over
time, and at least one, namely an increased risk
with prolonged treatment duration will invariably
occur. Not surprisingly, many MS patients and
their neurologists aim to transition to another
DMT once an increased level of risk is estab-
lished. However, cessation of natalizumab has
been associated with MS disease reactivation®
during which patients are at risk of accumulating
neurological disability.® Thus, both treatment
with natalizumab, and discontinuation of this
agent have been challenging for neurologists.

Given the immunomodulatory properties of natali-
zumab, and that of other approved DMTs, the
concept of delaying the initiation of a follow-up
agent after natalizumab, commonly referred to as a
‘washout’, was conceptually attractive as an attempt
to avoid compounding immunosuppressive effects,
and in the example of natalizumab, reduce the risk
of PML. While well-intentioned, the washout from
natalizumab yielded a second problem, namely the
risk of MS disease reactivation.5’

The cladribine sequential therapy following natal-
izumab (CLADRINA) trial is a phase IV clinical
study that was designed to test whether sequential
natalizumab-to-cladribine tablets therapy will pre-
vent disease activation after cessation of

natalizumab, and whether it will provide sustained
disease remission in many patients. The goal of
this trial is to establish a disease-free state over a
24-month period in patients who received the
natalizumab-cladribine sequential therapy.

Rationale - natalizumab

Natalizumab is a recombinant humanized mAb
that binds to the alpha a4 chain of the integrin
very late activation antigen (VLA)-4.%89 Initially
approved by the FDA in 2005, natalizumab has
an extensive history as one of the more effective
therapies in reducing clinical and paraclinical MS
disease activity, in addition to a firmly established
long-term safety profile. Despite its efficacy, there
are three observations that have limited the use of
natalizumab in patients with MS. First is the risk
of PML, a polyomavirus infection of the CNS
that is associated with a 30-50% mortality risk.!°
While this risk can be mitigated by patient selec-
tion, duration of exposure is one of the risk fac-
tors for PML infection, and therefore this risk is
cited as the primary reason for discontinuation of
the therapy.!!s12 The second observation is MS
disease reactivation following cessation of natali-
zumab  therapy. Disease activity returns
3—-6months after treatment discontinuation in a
predictable manner in up to 36% patients.>1%13
In O’Connor et al., who analyzed clinical relapses
in 1866 patients, and gadolinium (Gd)-enhancing
lesions in 341 patients from the AFFIRM,
SENTINEL, and GLANCE studies of natali-
zumab, annualized relapse rate (ARR) and
Gd-enhancing lesions both increased shortly after
natalizumab interruption and peaked between 4
and 7 months following discontinuation.5 A con-
sistent return of disease activity was observed
regardless of overall natalizumab exposure, or if
they received an alternative FDA-approved MS
therapy, particularly in patients with highly active
MS disease. As stated above, the first two obser-
vations in themselves often create a dilemma for
neurologists and their patients. Lastly, with natal-
izumab, continued therapy exposure is necessary
for efficacy, with incomplete efficacy often ulti-
mately occurring. Immune tolerance and pro-
longed disease remission may not be achieved
with natalizumab, as evidenced by the occurrence
of MS disease reactivation following discontinua-
tion of natalizumab. Even still, while highly effi-
cacious, 17% of patients with relapsing forms of
MS experienced disability progression in the
phase III clinical trial AFFIRM.!4 Whether the
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incomplete efficacy of natalizumab can be attrib-
uted to failure of lymphocyte sequestration, or its
incomplete effect on innate immunity, and more
specifically myeloid cells, remains an unanswered
question.

Once a patient with MS has initiated natalizumab,
a clinician must consider how and when they
should counsel the patient to discontinue the
DMT to maximize benefits while minimizing risk,
sometimes balancing PML risk with the potential
for disease rebound. Much effort has been dedi-
cated to understanding the immunology of natali-
zumab, which has generated a number of
hypotheses regarding the mechanisms of disease
rebound following its cessation. With natalizumab
treatment, leukocytes are sequestered out of the
CNS into the peripheral blood, where they assume
a more inflammatory phenotype. Krumbholz ez al.
demonstrated that natalizumab therapy increased
CD19" mature B-cells in peripheral blood two- to
three-fold more than that of other lymphocytes
and monocytes compared to pre-treatment lev-
els.’> The increase of immature CD197CD10*
pre-B cells in peripheral blood was even greater at
7.4-fold. This pattern remained stable during
treatment for up to 16 months, and Kivisakk ez al.
showed that the frequency of CD4" T-cells pro-
ducing interferon gamma, tumor necrosis factor,
and interleukin (IL)-17 upon anti-CD3 stimula-
tion increased 6 months after initiation of natali-
zumab treatment and remained elevated
throughout the 16 month follow-up.1% In a cohort
of 23 patients who experienced return of disease
activity following cessation of natalizumab, there
was correlated reconstitution of CD4* T-cells and
CD8*" T-cells in the cerebrospinal fluid (CSF),
suggesting that these cells might have particular
pathological relevance.l”

Rationale - cladribine tablets

Our current understanding of the mechanisms of
action for each MS DMT could inform on the
most ideal therapeutic strategy for natalizumab
discontinuation. Cladribine tablets are an oral
treatment option for MS patients with relapsing
forms of the disease, which were approved by the
FDA in 2019.1° The mechanism of action of clad-
ribine is thought to be lymphocyte depletion by
the accumulation of deoxyadenosine nucleotides
within lymphocytes. Cladribine mimics the same
process as a synthetic purine nucleoside analog,
targeting lymphocytes preferentially as it requires

intracellular phosphorylation by deoxycytidine
kinase (DCK) for its activation and 5'-nucleoti-
dase (5'-NTase) for its inactivation.!819 Once
within the cell, cladribine undergoes initial phos-
phorylation by DCK to finally become the active
2-chlorodeoxyadenosinetriposphate.?? To inacti-
vate cladribine-triphosphate nucleotides and to
prevent intracellular accumulation, 5'-NTase is
required. Compared with other cell types, resting
and activated lymphocytes have high levels of
DCK but low levels of 5'-NTase. Thus, cladrib-
ine becomes its active form within lymphocytes
making these cell types preferentially vulnerable
to its effect.?! The accumulation of cladribine
nucleotides leads to breaks in DNA strands, inter-
feres with DNA synthesis, and ultimately results
in a sustained reduction of lymphocyte counts,
with a recovery by 6 months in the majority of
patients.?2 The main therapeutic effects of clad-
ribine tablets in MS are thought to be mediated
by immune cell reduction of both the proliferat-
ing and the quiescent lymphocytes.?3:24

Cladribine tablets 3.5mg/kg (cumulative over
2years) have had significant positive clinical/
imaging effects in patients with clinically isolated
syndrome (CIS) and patients with relapsing
remitting MS (RRMS).2527 A recent analysis
compared the effect of cladribine tablets on the
dynamics of immune cell reduction and reconsti-
tution in ORACLE-MS, CLARITY, and
CLARITY Extension during the first year of
treatment (in which patients received the first
course of cladribine tablets) in patients rand-
omized to cladribine tablets over 2years.28
Changes in cell counts and relative proportions of
lymphocytes were evaluated at Weeks 5, 13, 24,
and 48. In each study, consistent and comparable
depletion of individual immune cell populations
occurred following the first treatment year with
cladribine tablets. A rapid reduction in CD16%/
CD56" cells (Week 5 nadir), a more marked
reduction in CD19* B-cells (Week 13 nadir), and
a less pronounced effect on CD4" (Week 13
nadir) and CD8" T-cells (Week 24 nadir) was
shown. Lymphocyte recovery begins following
treatment with cladribine tablets. When relative
proportions of naive and memory T-cell subtypes
were studied in ORACLE-MS, the proportion of
naive-like naturally occurring T regulatory cells
(nTregs) decreased, and the proportion of mem-
ory-like nTregs increased.?® It was concluded
that, in patients with CIS or RRMS, cladribine
tablets’ effects on the immune system are
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comparable. The pronounced reduction and
recovery dynamics of CD19* B-cells and relative
changes in the proportion of some immune cell
subtypes was hypothesized to underlie the clinical
effects of cladribine tablets. This hypothesis was
supported by data from the MAGNIFY-MS
study, a phase IV open-label, single-arm study
demonstrating that 1year after treatment with
cladribine tablets, memory B-cells remained low
while regulatory B and naive B-cells recovered.30

Cladribine may have mechanisms of efficacy
beyond that of lymphocyte reduction. Some
recent reports indicate the therapy may also
impede the influx of T-cells into the CNS by
affecting levels of soluble adhesion molecular lev-
els such as Soluble intercellular adhesion mole-
cule-1 (SICAM-1) or Soluble E-Selectin
(sE-Selectin).3! Cladribine may affect the expres-
sion of proinflammatory cytokine profiles; mean
values of IL-2 and soluble IL-2 receptor levels
measured 12 months after cladribine treatment for
chronic progressive MS were lowered.3? Similarly,
IL-8 levels were decreased in CSF of cladribine-
treated RRMS patients, whereas chemokine
ligand 5 (CCL-5) levels were decreased both in
CSF and serum.3?? Based on these observations,
cladribine not only has a leukocyte reducing effect,
but may also exert a direct effect on the remaining
effector T-cells’ function.

Regarding its pharmacological properties, clad-
ribine is rapidly absorbed, with its oral bioavaila-
bility between 37% and 51%. The half-life varies
from 5.7 to 19.7 h, meaning its biological half-life
as measured in the reduction of leukocyte subsets
is far greater than expected and cannot be
explained with direct effects of cladribine on cel-
lular metabolism or survival. In CSF, the concen-
tration has been reported to be approximately
25% of that in plasma in patients without CNS
disease, indicating the ability of cladribine to
cross the blood-brain barrier.?? Cladribine’s CNS
penetrance, while limited, may present an advan-
tage over therapeutic mAbs that are currently
being utilized or developed in MS, which are
large molecules with presumably very little ability
to cross the blood-brain barrier.

Rationale - sequential natalizumab to
cladribine tablets combination therapy

Studies examining the transition from natali-
zumab to cladribine tablets have largely either

been limited to expert opinion or retrospective
chart reviews. In Hersh et al., there was increased
risk of disease activity within the first 6 months of
natalizumab withdrawal that was sustained at
24 months, even with switching to high efficacy
therapy including CD20 depleting therapies.?* In
a retrospective study from Mustonen ez al., DMTs
subsequent to natalizumab failed to prevent reac-
tivation of MS, although longer washout times
were associated with higher reactivation risk at
6 months and the authors suggest washout times
should not exceed 3months.?> None of these
patients received cladribine tablets as a subse-
quent therapy. Similarly, a multicenter, retro-
spective study by Zanghi er al., incorporating an
extended washout when switching from natali-
zumab to cladribine tablets revealed an increased
risk of a higher ARR when controlled for covari-
ates.3¢ Pfeuffer er al. simultaneously prospectively
examined the MS patients prescribed cladribine
tablets in a multicenter study, 23 of which transi-
tioned to cladribine tablets from natalizumab.
Seemingly unique to this transition, they pub-
lished an increased risk of disease activity; how-
ever, median washout period was 66 days with an
interquartile range of 49-81 days.37

As natalizumab treatment sequesters lympho-
cytes into the periphery where they assume a
more inflammatory cellular phenotype, and clad-
ribine depletes peripheral lymphocytes, a rapid
transition from natalizumab to cladribine tablets
might (1) reduce the risk of disease rebound from
natalizumab, and (2) lead to sustained disease
remission by depletion of encephalitogenic lym-
phocytes (Figure 1). In addition, as cladribine
tablets have no association with PML, this par-
ticular transition might normalize their PML risk.
Thus, based on our understanding of the immu-
nology of cladribine tablets and natalizumab, we
designed CLADRINA to evaluate the safety, effi-
cacy, and immunological impact of this
transition.

Accordingly, CLADRINA is an open-label, sin-
gle-arm, multicenter, collaborative phase IV,
research study in the United States to generate
hypotheses regarding the safety, efficacy, and
immunological impact of transition from natali-
zumab to cladribine tablets in patients with
relapsing forms of MS. The primary endpoints
are the absolute and percent change from base-
line for CD3" lymphocytes, CD19" B lympho-
cytes, CD11c* dendritic cell subsets, and serum
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Figure 1. Study rationale for CLADRINA. (a) Natalizumab treatment sequesters encephalitogenic leukocytes
out of the central nervous system (CNS) into the peripheral blood. (b) Long-term natalizumab therapy reduces
the ability of the innate and adaptive immune system to replace CNS leukocytes. (c) Cladribine tablets
reduces the number of encephalitogenic lymphocytes in the peripheral blood. Cladribine has incomplete CNS
bioavailability its reducing effects on encephalitogenic leukocytes in the brain and spinal cord are currently
unknown. (d) There is good biological and pharmacological plausibility that immediate initiation of cladribine
tablets after treatment with natalizumab will deplete the absolute number of encephalitogenic cells more
completely than initiation of cladribine tablets after other therapies, as many encephalitogenic leukocytes will
be sequestered out of the CNS into compartments (peripheral blood and secondary lymphoid organs) where

they can be targeted by cladribine.

neurofilament light levels. The secondary end-
points are the ARR over the 12- and 24-month
periods following initiation of cladribine tablets.
Exploratory endpoints include the expanded dis-
ability status scale (EDSS), and MRI outcomes,
including new/enlarging T2 lesions, as well as the
number of new Gd-enhancing lesions. Study par-
ticipants will receive cladribine tablets 3.5 mg/kg
up to 100kg as per the United States Package
Insert (USPI).3® A total of 40 study participants
with relapsing forms of MS, who meet the criteria
for treatment with cladribine tablets as per the
approved USPI are planned to be enrolled at
three centers in the United States. All study par-
ticipants will receive treatment with cladribine
10mg tablets during year 1 and year 2 according
to the approved USPI. Given what is known
about the lymphocyte depletion dynamics follow-
ing cladribine tablets, a rapid transition from
natalizumab to cladribine tablets will likely tem-
porally coincide the potential disease rebound

associated with natalizumab withdrawal with the
lymphocyte nadir. Therefore, cladribine 10mg
tablets will be provided in an unblinded fashion,
with treatment initiated approximately 14 days
after the last infusion of natalizumab (e.g. a
14-day washout), with a maximum permissible
washout period of no more than 4 weeks.

Patients with at least 12months treatment with
natalizumab therapy, standard dosing, extended
interval dosing, or a combination thereof, will be
transitioned to cladribine tablets, with an MRI
completed and reviewed at the baseline visit as a
PML screening tool (Figure 2). Participants will
return at month 3 for neurological and EDSS
examinations, in addition to serological testing
including a CBC as per the USPI, with prophy-
lactic antiviral therapy indicated should the abso-
lute lymphocyte count (ALC) =200K/uL.
Participants will return at month 6 for examina-
tions, including a repeat MRI to review for
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Figure 2. CLADRINA study design. CLADRINA will be an open-label, single-arm, multicenter, collaborative
phase IV research study, designed to generate hypotheses regarding the transition to cladribine tablets after
treatment with natalizumab in patients with relapsing forms of MS, to include RRMS and active SPMS. The
total duration of this interventional study will be 2years. A total of 40 study participants with relapsing forms
of MS, to include RRMS and active SPMS, who meet the criteria for treatment with cladribine tablets as per
the approved USPI are planned to be enrolled in three centers in the United States. All study participants will
receive treatment with cladribine 10 mg tablets during year 1 and year 2 according to the approved USPI (EMD
Serono, 2019). Treatment with cladribine tablets is intended to be initiated approximately 14 days after the last

infusion of natalizumab (e.g. a 14-day ‘washout’], with a maximum permissible washout period of no more

than 4weeks.

MS, multiple sclerosis; RRMS, relapsing remitting MS; SPMS, secondary progressive MS; USPI, United States Package

Insert.

potential disease activity, and similarly return at
month 9 for similar assessments. Year 2 of clad-
ribine tablets will be initiated at month 12, with
another screening MRI for baseline disease activ-
ity. In conclusion, examinations will be con-
ducted at month 18, and then at the end of the
study at month 24, including another MRI.

The target population comprises patients with
relapsing forms of MS, RRMS, and active sec-
ondary progressive MS (SPMS), either by the
2005, 2010, and 2017 McDonald criteria, ages
18-60, regardless of JC virus serumstatus.3-41
Patients must have exposure to natalizumab ther-
apy for a minimum duration of 12months, with
no relapses in the 28days prior to enrollment.
Each subject’s EDSS must be less than 5.5.42
Prior to therapy, the ALC of participants must be
within the normal range (=1000cells/uL;
=<4800cells/ul. as per the CLL Society).43
Participants cannot test positive for HIV, or hepa-
titis B or C, and must not have an active or his-
tory of malignancy at screening to be enrolled.
Patients may be enrolled in this optional study
regardless of JC virus serostatus as long as they

were otherwise eligible for treatment with cladrib-
ine tablets as per the USPI.

Adverse events and serious adverse events will be
recorded as defined in NCI CTCAE v5.
Recording of adverse events will begin when the
participant signs the consent form and will con-
tinue at least until the end of the study, between
24 and 30 months, depending on whether or not
year 2 is delayed for recovery of the ALC to per-
mit year 2 treatment. Given that MS disease met-
rics will be captured as outcomes, signs and
symptoms of relapse or worsening MS will not be
considered adverse events unless the participant’s
general condition is more severe than expected,
and/or the outcome is fatality. Relapses, should
they occur, will be treated as per their clinician’s
judgment. Participants are encouraged to con-
tinue with their healthcare team, will have access
to their MRI data, and could voluntarily with-
draw from the study at any time. If they opt to
permanently discontinue cladribine tablets fol-
lowing consultation with their healthcare team,
they will not remain in the study, but will be fol-
lowed up for up to 30days after intake for safety
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monitoring. Safety laboratory monitoring will
take place as per the USPI of cladribine tablets,
with anti-herpes prophylaxis clinically indicated
should the ALC be <200 cells/mm?3. Radiographic
assessment for PML will occur at study baseline
as well as throughout the study duration, specifi-
cally prior to initiation of the first and second year
of treatment with cladribine tablets. The study is
approved by the Institutional Review Board of the
University of Texas Southwestern and is regis-
tered with clinicaltrials.gov (INCT 04178005).

Discussion

Given the multitude of FDA-approved therapies
for MS, the number of possible switches between
therapies is compounded, and additional data
regarding the safety, efficacy, and immunological
impact of these transitions are desperately needed.
The transition from natalizumab to an alternative
DMT carries particular import to the MS patient
and their neurologist. To this end, the
CLADRINA study will provide clinical data sup-
porting the safety, efficacy, and immunological
impact following the transition from natalizumab
to cladribine tablets.

As an autoimmune disease, proven treatment
response in MS is likely through the various
immunomodulatory effects of DMT. A plethora
of independent studies on animal models and
clinical observations, converge on T-cells as a pri-
mary cellular mediator driving MS pathogene-
sis.4446  Natalizumab’s mechanism of action
emphasizes the pathogenic role of bone marrow-
derived leukocyte infiltration into the CNS. The
role of lymphocytes in the perpetuation of MS
disease activity is further suggested by the obser-
vation of MS disease reactivation following cessa-
tion of treatment. Longitudinal monitoring of
lymphocytes and myeloid cells by immunopheno-
typing and multi-parameter flow cytometry in
peripheral blood following the initiation of oral
cladribine therapy among patients transitioning
from natalizumab may inform on pertinent cellu-
lar subsets that medicate disease remission, or, in
patients who fail to achieve disease-free state, cel-
lular subsets that are associated with disease
activity.

Importantly, bone marrow-derived myeloid cells
are of particular interest, given recent data show-
ing that they may be critical mediators of disease

activity and CNS tissue damage in experimental
models and patients with MS.47-4° Questions
remain unanswered regarding the role of bone
marrow-derived myeloid cells in the compart-
mentalization of inflammation as patients transi-
tion from RRMS to SPMS. As components of the
innate immune system, bone marrow-derived
myeloid cells were not intended as the original
biological targets for most current MS DMT.
Clinical and immunological data from this study
provide a unique insight into the efficacy of clad-
ribine on these cells; furthermore, the longitudi-
nal design in this study will permit charting of the
compartment-specific reconstitution of myeloid
cell subsets as enrolled patients are transitioned
off of natalizumab, with significant temporal
resolution.

At the time of this manuscript submission,
CLADRINA is fully enrolled. We believe that
with completion of the CLADRINA study, there
will be for the first time, high level evidence for
disease prevention following transitioning from
natalizumab.

Declarations

Ethics approval and consent to participate
CLADRINA will be undertaken in compliance
with the Declaration of Helsinki and standards of
Good Clinical Practice according to the
International Conference on Harmonisation of
Technical Requirements for Registration of
Pharmaceuticals for Human Use. The study pro-
tocol has been approved by UTSW Institutional
Review Board (approval code STU 2019-1618).
This trial is registered with clinicialtrials.gov
(NCTO04178005).

Consent for publication

All patients gave written informed consent before
screening. The consent included permission to
publish anonymized data.

Author contributions
Peter V. Sguigna: Data curation; Project admin-
istration; Validation; Writing — original draft.

Rehana Z. Hussain: Data curation; Formal
analysis; Validation.

Annette OKkai: Investigation; Resources; Valida-
tion; Writing — original draft.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

Kyle M. Blackburn: Investigation; Supervision;
Writing — original draft; Writing — review &
editing.

Lauren Tardo: Investigation; Project adminis-
tration; Validation; Writing — original draft.

Mariam Madinawala: Data curation; Formal
analysis; Investigation; Software.

Julie Korich: Methodology;  Resources;
Supervision; Writing — review & editing.

Lori A. Lebson: Conceptualization; Supervision;
Validation; Writing — review & editing.

Jeffrey Kaplan: Conceptualization; Invest-
igation; Project administration; Resources;
Writing — original draft.

Amber Salter: Data curation; Validation;

Writing — original draft; Writing — review &
editing.

Navid Manouchehri: Conceptualization; Data
curation; Methodology.

Olaf Stuve: Conceptualization; Data curation;
Formal analysis; Funding acquisition; Writing —
original draft; Writing — review & editing.

Acknowledgements

The authors would like to express their utmost
gratitude to the patients for participating in this
research initiative. We would also like to thank
the sponsor, EMD Serono, Inc., Rockland, MA,
USA, an affiliate of Merck KGaA, for funding
and support in this highly collaborative initiative.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This study was
supported by EMD Serono Research &
Development Institute, Inc., Billerica, MA, USA,
an affiliate of Merck KGaA (CrossRef Funder
ID: 10.13039/100004755).

Competing interests

PS has no disclosures related to this publication.
He has received grant support from the NMSS,
CTM, PSTP, DOD, and the PRC. He has
received consulting fees from Medical Logix
LLC, Genentech, and Bristol Myers Squibb. RH
has nothing to declare. AO has received advisory/
consulting fees from Biogen, Bristol Meyer

Squibb, EMD Serono, Inc., Rockland, MA,
USA, an affiliate of Merck KGaA, Genentech,
Genzyme, and TG Therapeutics; research sup-
port from Biogen, Novartis, Sanofi Genzyme,
and TG Therapeutics; and speaker fees from
Biogen, EMD Serono, Inc., Rockland, MA,
USA, an affiliate of Merck KGaA, and Sanofi
Genzyme. KB has received consulting fees from
Genentech. He has received grant support from
the Siegel Rare Neuroimmune Association
(SRNA). LT has nothing to declare. MM has
nothing to declare. J Korich is an employee of
EMD Serono, Inc., Rockland, MA, USA, an
affiliate of Merck KGaA. LL is an employee of
EMD Serono, Inc., Rockland, MA, USA, an
affiliate of Merck KGaA. J Kaplan has received
speaking fees from Amgen, Allergan, Alexion,
Biogen, EMD Serono, Inc., Rockland, MA,
USA, an affiliate of Merck KGaA, Lilly,
Lundbeck, Mallinckrodt Pharmaceuticals,
Sanofi-Genzyme, Teva, and Viela. AS has no dis-
closures related to this publication. Dr Salter
reports research funding from Multiple Sclerosis
Society of Canada, National Multiple Sclerosis
Society, Consortium of MS Centers, and the US
Department of Defense and honoraria for con-
sulting for Gryphon Bio, LL.C. She is a member
of the Editorial Board for Neurology. Dr. Salter is
a member of the Data and Safety Monitoring
Board for Premature Infants Receiving Milking
or Delayed Cord Clamping (PREMOD?2),
Central Vein Sign: A Diagnostic Biomarker in
Multiple Sclerosis (CAVS-MS), Ocrelizumab for
Preventing Clinical Multiple Sclerosis in
Individuals With Radiologically Isolated Disease
(CELLO), and Video Telehealth Pulmonary
Rehabilitation to Reduce Hospital Readmission
in Chronic Obstructive Pulmonary Disease (Tele-
COPD). NM has nothing to declare. OS is funded
by a Merit Review grants [federal award docu-

ment number (FAIN) I01BX001674 and
BX005664-01] from the United States
Department of Veterans Affairs, Biomedical

Laboratory Research and Development. He is a
2021 recipient of a Grant for Multiple Sclerosis
Innovation (GMSI), Merck KGaA, and funded
by RFA-2203-39314 (PI) and RFA-2203-39305
(co-PI) grants from the National Multiple
Sclerosis Society (NMSS) of the United States.

Availability of data and materials
Not applicable.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

PV Sguigna, R Hussain et al.

ORCID iDs
Peter V. Sguigna
0003-1825-575X

Kyle M. Blackburn
0001-5227-153X

https://orcid.org/0000-

https://orcid.org/0000-

Amber Salter
1088-110X

Olaf Stuve
0469-6872

https://orcid.org/0000-0002-

https://orcid.org/0000-0002-

References
1. Reich DS, Lucchinetti CF and Calabresi PA.
Multiple sclerosis. N Engl ¥ Med 2018; 378:
169-180.

2. Wiendl H, Gold R, Berger T, er al. Multiple
Sclerosis Therapy Consensus Group (MSTCG):
position statement on disease-modifying therapies
for multiple sclerosis (white paper). Ther Adv
Neurol Disord 2021; 14: 17562864211039648.

3. Rae-Grant A, Day GS, Marrie RA, ez al. Practice
guideline recommendations summary: disease-
modifying therapies for adults with multiple
sclerosis: report of the Guideline Development,
Dissemination, and Implementation
Subcommittee of the American Academy of
Neurology [published correction appears in
Neurology. 2019 Jan 8;92:112]. Neurology. 2018;
90: 777-788.

4. Berger JR and Fox R]. Reassessing the risk of
natalizumab-associated PML. ¥ Neurovirol 2016;
22:533-535. Erratum in: ¥ Neurovirol 2016
Aug;22:536-537.

5. O’Connor PW, er al. Return of disease activity
after cessation of natalizumab therapy in patients
with multiple sclerosis. In: Presented at the 25th
congress of the European Commuittee for treatment and
research in multiple sclerosis, Dusseldorf, Germany,
2009.

6. Stuve O and Cutter GR. Does natalizumab
therapy benefit patients with multiple sclerosis?
FAMA Neurol 2014; 71: 945-946.

7. Giovannoni G and Naismith RT. Natalizumab
to fingolimod washout in patients at risk of
PML: when good intentions yield bad outcomes.
Neurology 2014; 82: 1196-1197.

8. Shirani A and Stiive O. Natalizumab for
multiple sclerosis: a case in point for the impact
of translational neuroimmunology. Fournal of
Immunology. 2017; 198: 1381-1386.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Shirani A and Stiive O. Natalizumab. In: The
Biology of Multiple Sclerosis. Cold Spring
Harbor. (Eds: Vijay K. Kuchroo and Howard L.
Weiner). 2018. pii: a029066.

Bloomgren G, Richman S, Hotermans C,

et al. Risk of natalizumab-associated progressive
multifocal leukoencephalopathy. N Engl ¥ Med
2012; 366: 1870-1880.

Kappos L, Bates D, Edan G, et al. Natalizumab
treatment for multiple sclerosis: updated
recommendations for patient selection and
monitoring. Lancet Neurol 20115 10: 745-758.

Chisari CG, Comi G, Filippi M, et al. PML
risk is the main factor driving the choice of
discontinuing natalizumab in a large multiple
sclerosis population: results from an Italian
multicenter retrospective study. ¥ Neurol 2022;
269: 933-944.

Stiive O, Cravens PD, Frohman EM, ez al.
Immunologic, clinical, and radiologic status 14
months after cessation of natalizumab therapy.
Neurology 2009; 72: 396-401.

Polman CH, O’Connor PW, Havrdova E,

et al. A randomized, placebo-controlled trial
of natalizumab for relapsing multiple sclerosis.
N Engl ¥ Med 2006; 354: 899-910.

Krumbholz M, Meinl I, Kumpfel T, ez al.
Natalizumab disproportionately increases
circulating pre-B and B cells in multiple sclerosis.
Neurology 2008; 71: 1350-1354.

Kivisakk P, Healy BC, Viglietta V, ez al.
Natalizumab treatment is associated with
peripheral sequestration of proinflammatory T
cells. Neurology 2009; 72: 1922-1930.

Stave O, Marra CM, Bar-Or A, et al. Altered
CD4"/CD8" T-cell ratios in cerebrospinal fluid
of natalizumab-treated patients with multiple
sclerosis. Arch Neurol 2006; 63: 1383-1387.

Warnke C, Wiendl H, Hartung HP, ez al.
Identification of targets and new developments

in the treatment of multiple sclerosis — focus on
cladribine. Drug Des Devel Ther 20105 4: 117-126.

Carson DA, Kaye J and Seegmiller JE.

Lymphospecific toxicity in adenosine deaminase
deficiency and purine nucleoside phosphorylase
deficiency: possible role of nucleoside kinase(s).
Proc Natl Acad Sct US A 1977; 74: 5677-5681.

Carson DA, Wasson DB, Taetle R, er al. Specific
toxicity of 2-chlorodeoxyadenosine toward resting
and proliferating human lymphocytes. Blood
1983; 62: 737-743.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0000-0003-1825-575X
https://orcid.org/0000-0003-1825-575X
https://orcid.org/0000-0001-5227-153X
https://orcid.org/0000-0001-5227-153X
https://orcid.org/0000-0002-1088-110X
https://orcid.org/0000-0002-1088-110X
https://orcid.org/0000-0002-0469-6872
https://orcid.org/0000-0002-0469-6872

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Sipe JC. Cladribine tablets: a potential new short-
course annual treatment for relapsing multiple
sclerosis. Expert Rev Neurother 20105 10: 365—
375.

Liliemark J. The clinical pharmacokinetics of
cladribine. Clin Pharmacokinet 1997; 32: 120-131.

Kawasaki H, Carrera CJ, Piro LD,

et al. Relationship of deoxycytidine
kinase and cytoplasmic 5'-nucleotidase
to the chemotherapeutic efficacy of
2-chlorodeoxyadenosine. Blood 1993; 81:
597-601.

Griffig J, Koob R and Blakley RL.

Mechanisms of inhibition of DNA synthesis by
2-chlorodeoxyadenosine in human lymphoblastic
cells. Cancer Res 1989; 49: 6923—-6928.

Leist TP, Comi G, Cree BA, ez al. Effect of oral
cladribine on time to conversion to clinically
definite multiple sclerosis in patients with a first
demyelinating event (ORACLE MS): a phase

3 randomised trial. Lancet Neurol 2014; 13:
257-267.

Leist TP and Vermersch P. The potential role for
cladribine in the treatment of multiple sclerosis:
clinical experience and development of an oral
tablet formulation. Curr Med Res Opin 2007; 23:
2667-2676.

Giovannoni G, Comi G, Cook S, ez al. A
placebo-controlled trial of oral cladribine for
relapsing multiple sclerosis. N Engl ¥ Med 2010;
362: 416-426.

Giovannoni G, Soelberg Sorensen P, Cook S,

et al. Safety and efficacy of cladribine tablets

in patients with relapsing-remitting multiple
sclerosis: results from the randomized extension
trial of the CLARITY study. Mulr Scler 2018; 24:
1594-1604.

Stuve O, Soelberg Soerensen P, er al. Effects
of cladribine tablets on lymphocyte subsets in
patients with multiple sclerosis: an extended
analysis of surface markers. Ther Adv Neurol
Disord 2019; 12: 1756286419854986.

Wiendl H, Schmierer K, Hodgkinson S, ez al.
Characterization of peripheral immune cell
dynamics and repopulation patterns in the

first 12 months of cladribine tablets treatment:
MAGNIFY-MS study. Report, AAN, US, April
2021.

Mitosek-Szewczyk K, Stelmasiak Z, Bartosik-
Psujek H, ez al. Impact of cladribine on soluble
adhesion molecules in multiple sclerosis. Acta
Neurol Scand 20105 122: 409-413.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Janiec K, Wajgt A and Kondera-Anasz Z. Effect
of immunosuppressive cladribine treatment on
serum leucocytes system in two-year clinical trial
in patients with chronic progressive multiple
sclerosis. Med Sci Monit 20015 7: 93-98.

Bartosik-Psujek H, Belniak E, Mitosek-Szewczyk
K, et al. Interleukin-8 and RANTES levels

in patients with relapsing-remitting multiple
sclerosis (RR-MS) treated with cladribine. Acta
Neurol Scand 2004; 109: 390-392.

Hersh CM, Harris H, Conway D, er al. Effect of
switching from natalizumab to moderate- vs high-
efficacy DMT in clinical practice. Neurol Clin
Pract 2020; 10:e 53-€65.

Mustonen T, Rauma I, Hartikainen P, ez al. Risk
factors for reactivation of clinical disease activity

in multiple sclerosis after natalizumab cessation.

Mult Scler Relat Disord 2020; 38: 101498.

Zanghi A, Gallo A, Avolio C, ez al. Exit Strategies
in natalizumab-treated RRMS at high risk of
progressive multifocal leukoencephalopathy: a
multicentre comparison study. Neurotherapeutics
2021; 18: 1166-1174.

Pfeuffer S, Rolfes L, Hackert J, er al. Effectiveness
and safety of cladribine in MS: real-world
experience from two tertiary centres. Mulr Scler
2022; 28: 257-268.

EMD Serono Inc., Rockland, MA, USA, an
affiliate of Merck KGaA. Mawvenclad (package
insert). Billerica, MA: EMD Serono Inc.,
Rockland, MA, USA, an affiliate of Merck
KGaA, 20109.

Polman CH, Reingold SC, Edan G, er al.
Diagnostic criteria for multiple sclerosis: 2005
revisions to the ‘McDonald Criteria’. Ann Neurol
2005; 58: 840-846.

Polman CH, Reingold SC, Banwell B, ez al.
Diagnostic criteria for multiple sclerosis: 2010
revisions to the McDonald criteria. Ann Neurol
2011; 69: 292-302.

Thompson AJ, Banwell BL, Barkhof F, ez al.
Diagnosis of multiple sclerosis: 2017 revisions of
the McDonald criteria. Lancet Neurol 2018; 17:
162-173.

Kurtzke JF. Rating neurologic impairment in
multiple sclerosis: an expanded disability status
scale (EDSS). Neurology 1983; 33: 1444-1452.

CLL Society. Normal CLL lab values, https://
cllsociety.org/cll-sll-patient-education-toolkit/
normal-lab-values/ (2022, accessed 03 August
2022).

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://cllsociety.org/cll-sll-patient-education-toolkit/normal-lab-values/
https://cllsociety.org/cll-sll-patient-education-toolkit/normal-lab-values/
https://cllsociety.org/cll-sll-patient-education-toolkit/normal-lab-values/

PV Sguigna, R Hussain et al.

44.

45.

46.

47.

Segal BM. The diversity of encephalitogenic
CD4" T Cells in multiple sclerosis and its animal
models. ¥ Clin Med 2019; 8:120.

Steinman L. Immunology of relapse and
remission in multiple sclerosis. Annu Rev Immunol
2014; 32: 257-281.

Manouchehri N, Hussain RZ, Cravens PD, et al.
CD11c*CD88*CD317" myeloid cells are critical
mediators of persistent CNS autoimmunity. Proc
Natl Acad Sci U S A 20215 118: €2014492118.

Mayrhofer F, Dariychuk Z, Zhen A, er al.
Reduction in CD11c¢" microglia correlates with

48.

49.

clinical progression in chronic experimental
autoimmune demyelination. Neurobiol Dis 2021;
161: 105556.

Prodinger C, Bunse J, Kriiger M, ez al. CD11c-
expressing cells reside in the juxtavascular
parenchyma and extend processes into the glia
limitans of the mouse nervous system. Acta
Neuropathol 20115 121: 445-458.

Giles DA, Duncker PC, Wilkinson NM, ez al.
CNS-resident classical DCs play a critical role
in CNS autoimmune disease. ¥ Clin Invest 2018;
128: 5322-5334.

Visit Sage journals online
journals.sagepub.com/
home/tan

SSagejournals

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

