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Abstract

Secondary immunodeficiencies (SIDs) are acquired conditions that may occur as sequelae of immune therapy. In recent
years a number of disease-modifying therapies (DMTs) has been approved for multiple sclerosis and related disorders
such as neuromyelitis optica spectrum disorders, some of which are frequently also used in- or off-label to treat conditions
such as chronic inflammatory demyelinating polyneuropathy (CIDP), myasthenia gravis, myositis, and encephalitis. In this
review, we focus on currently available immune therapeutics in neurology to explore their specific modes of action that
might contribute to SID, with particular emphasis on their potential to induce secondary antibody deficiency. Considering
evidence from clinical trials as well as long-term observational studies related to the patients’ immune status and risks of
severe infections, we delineate long-term anti-CD20 therapy, with the greatest data availability for rituximab, as a major risk
factor for the development of SID, particularly through secondary antibody deficiency. Alemtuzumab and cladribine have
relevant effects on circulating B-cell counts; however, evidence for SID mediated by antibody deficiency appears limited
and urgently warrants further systematic evaluation. To date, there has been no evidence suggesting that treatment with fin-
golimod, dimethyl fumarate, or natalizumab leads to antibody deficiency. Risk factors predisposing to development of SID
include duration of therapy, increasing age, and pre-existing low immunoglobulin (Ig) levels. Prevention strategies of SID
comprise awareness of risk factors, individualized treatment protocols, and vaccination concepts. Immune supplementation
employing Ig replacement therapy might reduce morbidity and mortality associated with SIDs in neurological conditions.
In light of the broad range of existing and emerging therapies, the potential for SID warrants urgent consideration among
neurologists and other healthcare professionals.
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1 Introduction

Immunodeficiencies comprise a heterogeneous group of dis-
orders that are defined according to their etiology as primary
or secondary. Primary immunodeficiencies (PIDs) are hered-
itary disorders and may result from either a single mutation
or can be multifactorial. The overall estimated prevalence of
PID is 1:1200 individuals [1, 2].

Secondary immunodeficiencies (SIDs) are acquired con-
ditions that may arise from a variety of causes. For example,
SIDs may occur as sequelae of immunotherapies; they may
occur as a consequence of various diseases and age (immu-
nosenescence), or malnutrition [3—5]. Although detailed
epidemiological studies on SID are not available to date,
the available evidence suggests that SIDs are more com-
mon than PIDs. Furthermore, it is thought that the steadily
expanding clinical use of immunosuppressive and immu-
nomodulatory drugs may be increasing the occurrence of
SID [6].

In neurology, autoimmune diseases such as multiple scle-
rosis (MS), chronic inflammatory demyelinating polyneu-
ropathy (CIDP), myasthenia gravis, myositis, and encepha-
litis can be treated with drugs that may cause SID, and the
frequency of their use has increased in recent years. The
risk of serious infections is known to be increased in MS
patients [7, 8] and may further be influenced by factors such
as age, comorbidities, and the individual’s immune status.

Fig. 1 Therapeutic targets of
immune therapy in neurol-
ogy. Rituximab, ocrelizumab,
and ofatumumab are directed
against different epitopes

on the CD20-antigen, lead-
ing to a depletion of B cells.
Alemtuzumab targets CD52,
causing a broad depletion of
lymphocytes. Cladribine is a
purine analogue that requires
incorporation into the DNA
of lymphocytes, ultimately
initiating apoptosis. Dimethyl
fumarate exerts pleiotropic
actions, including activation of
Nrf2-regulated genes such the
anti-inflammatory factor heme
oxygenase-1 (HO-1). Fingoli-
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Alemtuzumab
Depletion of
B and T cells

R

CD52

Induction of

L h nod Fingolimod
ymehinode Inhibition of migration
the S1P1 receptor, sequester- x
ing lymphocytes in lymphoid j\ ( A,

organs. Natalizumab blocks the
transmigration of lymphocytes
through the blood-brain-barrier
(BBB) by inhibiting VLA-4
(a-4 integrin)

L/

=% S1P1

A\ Adis

YA

Dimethyl fumarate

Nrf 2 and HO-1 genes

This is complicated by the fact that therapeutic outcomes
greatly rely on early treatment initiation and potentially life-
long treatment maintenance, resulting in cumulative risks of
developing SID.

Over the past decade, a handful of novel immune thera-
pies has been approved in neurology. The majority of these
drugs are disease-modifying therapies (DMTs) to treat MS,
including relapsing and progressive forms. Immune thera-
pies differentially target various aspects of cellular and
humoral immunity (see Fig. 1). While some compounds
cause a broad depletion of immune cell subsets and can,
therefore, be considered potently immunosuppressive, others
specifically modulate more subtle processes such as polari-
zation or cell trafficking [9]. Therefore, the risks of devel-
oping SID likely differ depending on the mode of action.
Secondary antibody deficiency is one type of SID and can
be quantified with blood analysis. Other potential surrogate
markers of SID may be peripheral lymphocyte counts and
their subtypes; however, the absolute counts may have dif-
ferent meaning depending on the mode of action of the com-
pound used, or the timing of the blood analysis, complicat-
ing its clinical use.

In this review, we focus on currently available immune
therapeutics in neurology to explore the specific modes of
action that might contribute to SID, with particular empha-
sis on their potential to induce secondary antibody defi-
ciency. Findings from clinical trials as well as long-term
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Table 1 B-cell therapies in neurology

Antibody Type Mode of action

Rituximab Chimeric (human/ CDC > ADCC [130]
mouse) IgG

Ocrelizumab Humanized IgG CDC < ADCC [130]

Ofatumumab Human IgG CDC > ADCC [130]

ADCC antibody-dependent cellular cytotoxicity, CDC complement-
dependent cytotoxicity, /gG immunoglobulin G

observational studies related to the patients’ immune and
antibody status and risks of severe infections are taken
into consideration, and therapeutic strategies for SID are
discussed.

2 Immunotherapies in Neurology
2.1 B-Cell Depletion

2.1.1 Clinical Use of B-Cell-Depleting Therapies
in Neurological Disorders

Multiple lines of evidence support a central role of B cells
in the pathology of various neurological autoimmune condi-
tions such as myasthenia gravis, autoimmune encephalitis,
CIDP, or MS [10-14]. B-cell-depleting therapies have only
been approved in MS to date [15]. However, there has been
an extensive off-label use of the chimeric human/murine
anti-CD20 rituximab (Table 1) in other inflammatory neu-
rological conditions including CIDP, myasthenia gravis,
and encephalitis. In relapsing-remitting multiple sclerosis
(RRMS), the efficacy of B-cell-depleting therapies was first
demonstrated in a phase 2 trial employing rituximab [16].
In 2017, the fully humanized anti-CD20 Ab ocrelizumab
(Table 1), which targets an overlapping epitope with ritux-
imab, was approved for RRMS and also became the first
available treatment option for primary progressive multiple
sclerosis (PPMS) patients [17—-19]. Ofatumumab, a fully
humanized monoclonal antibody targeting CD20 (Table 1),
was recently approved in MS by the US Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) [20]. Ublituximab, a monoclonal glyco-engineered
anti-CD20 antibody, is currently under investigation in phase
3 clinical trials (ULTIMATE-I + II) in patients with relaps-
ing multiple sclerosis [21].

2.1.2 Change in Circulating Immune-Cell Populations
with B-Cell-Depleting Therapies

Unlike CD19, which is expressed across the entire B-cell lin-
eage, CD20 is expressed in most developmental B cell stages

except for early pro-B cells and plasma cells. As autoanti-
body-secreting cells rarely express CD20, the efficacy of
anti-B cell therapies has been ascribed to the substantial role
of B cells in antigen-presentation and cytokine release [22],
thereby potentially aggravating T-cell responses. However,
long-lasting depletion of B cells is also likely to impact the
number and replenishment of plasma blasts [18] and anti-
body levels.

The data on B-cell numbers from the phase 2 clinical trial
(HERMES) to assess the efficacy of rituximab in RRMS
suggest a nearly complete depletion of CD197 peripheral B
cells (> 95% reduction compared to baseline) 14 days after
treatment; 30.7% of patients had returned to baseline after
48 weeks [16]. Nearly identical findings were reported in
the phase 2 trial of rituximab in PPMS (OLYMPUS) [23].
Moreover, rituximab has been reported to reduce the number
of B cells (as well as T cells) in cerebrospinal fluid [24].

In the phase 3 clinical trials of ocrelizumab, similarly
effective depletion of CD19" B cells was observed after
14 days and B-cell numbers remained negligible until the
study end at 96 weeks for RRMS (OPERA I+II) and 120
weeks for PPMS (ORATORIO) [25, 26]. As treatment was
administered every 24 weeks in both trials, data on B-cell
recovery are not available, demonstrating that near-complete
depletion persists for at least 5 months. There was no overall
impact on CD16%/CD56" cell count; however, a slight initial
reduction by 4-6% from baseline of CD3" and CD8* T cells
was observed after 2 weeks, with an additional reduction of
CD8" cells by 2% until week 96 in the OPERA trials [25,
26].

Regarding rituximab therapy, a study in rheumatoid
arthritis (RA) patients has indicated that B-cell reconstitu-
tion may require a mean of 8 months [27]. From clinical
experience, this is a highly inter-individual variable and also
depends on the number of treatment cycles. In addition to
its effect on B cells, rituximab has also been shown to exert
profound effects on T-cell activation and proliferation. While
these effects are mostly mediated by the absence of B cells
as antigen-presenting cells, accumulating evidence suggests
direct effects of rituximab on T-cell subpopulations express-
ing varying levels of CD20 and possibly even independent of
CD20 expression [28, 29]. Indeed, CD20™" T cells with pro-
inflammatory Th,/Tc; phenotype have recently been shown
to contribute to disease severity in RRMS patients [30]. As
such, the efficacy of B-cell depletion therapy may partly also
be related to depletion of T-cell subpopulations.

2.1.3 Immunoglobulin (Ig) Levels and Clinical Risk
of Infection with B-Cell-Depleting Therapies

Due to the short observation periods, the pivotal phase 2 and

3 clinical trials on rituximab, ocrelizumab, and ofatumumab
only report a moderate proportion of patients with decreases
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Table 2 Decrease in immunoglobulin G (IgG) following B-cell ther-
apy

Drug IgG decrease per year

Rituximab —0.42 g/L per year [33]
—0.32 g/L per year (-3.0% per year) [35]
No definitive data available [38—40]

First year: — 0.23 g/L per year (—2.5%)
Second year: — 0.69 g/L per year (—7.7%)
First 2 years: — 0.915 g/L per year (—10%) [45]

Ocrelizumab
Ofatumumab
Alemtuzumab

in IgM, and even fewer to none with regard to IgA and IgG
[16, 20, 23, 25, 26]. Nevertheless, several long-term studies
on anti-CD20 therapy point towards the risk of hypogam-
maglobulinemia (i.e., reduction of IgG levels) (see Table 2),
which is associated with an increased risk of infection [8,
31-35].

Most of these studies relate to the use of rituximab. A
study assessing 3,194 rheumatoid arthritis (RA) patients
who had received up to 17 rituximab courses over a period
of 9.5 years [31] found that 22.4% of patients developed
IgM levels below the lower limit of normal (LLN) and
3.5% of patients had IgG levels below the LLN. The occur-
rence of serious infection events was significantly higher
in patients with low IgG compared with patients who had
never developed IgG levels below the LLN. There was no
such association between low IgM levels and serious infec-
tion events. Patients developing low IgG associated with
serious infection events were characterized by an older age,
longer disease duration, and lower mean IgG levels at base-
line. However, hypogammaglobulinemia in these patients
did not appear to result from a pre-existing condition, as low
Ig levels were an exclusion criterion for trial entry.

A French cohort study aimed to determine risk factors
for severe infection in 1303 rituximab-treated RA patients,
with a mean follow-up period of 1.2 years after the first or
any subsequent rituximab cycles [32]. Pre-existing low IgG
levels (< 6 g/L) or general hypogammaglobulinemia before
treatment initiation, higher doses of concomitant corticos-
teroids, and an older age (mean 64.7 years) were identified
as significant risk factors for severe infections. There was no
correlation between low IgM (< 0.5 g/L) before rituximab
infusion and development of serious infection events. Thus,
in contrast to IgG, low baseline IgM at treatment initiation
or subsequent development of hypo-IgM do not appear to be
associated with elevated risks of infection in RA patients.

Concerning neurological diseases, a recent case-series
study investigated the long-term effects of rituximab in 15
neuromyelitis optica spectrum disorder (NMOSD) patients
[33]. The median follow-up was 70 months. The authors
observed a significant reduction in IgG, IgA, and IgM levels,
as well as a strong correlation between the isotype classes.
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Across the group, 73% of patients were identified as hypo-
IgG (IgG < 7.0 g/L), 40% as hypo-IgA (IgA < 0.7 g/L), and
60% as hypo-IgM (IgM < 0.4 g/L). Rituximab significantly
reduced total IgG by 0.42 g/L per year (follow-up of 70
months). Moreover, the assessment of specific anti-pathogen
IgGs revealed reduced levels of anti-varicella-zoster virus
(VZV), anti-Epstein-Barr virus (EBV) and anti-tetanus IgGs,
perhaps indicative of insufficient protection thresholds. In
support of these findings, another case series study indi-
cated development of hypogammaglobulinemia in 32 of 50
NMOSD patients (64%) following treatment with rituximab.
Of these, five patients contracted serious infections associ-
ated with development of antibody deficiency [34].

A Swedish retrospective, observational study of the safety
and effectiveness of rituximab in 822 patients with MS (557
RRMS, 198 SPMS, 67 PPMS) indicated a decrease of IgG
below the LLN in 3% of patients. The remaining patients
only showed slight decreases in IgG levels. Severe infec-
tions occurred in 1.7% of patients; however, any potential
association between IgG levels and risk of infection were not
evaluated in this study [36].

Still, there is evidence that by presence of long-lived
plasma cells or the persistence of B cells in protective
niches a protective antibody pattern is restored, despite
B-cell-depletion therapy. This was supported by an obser-
vational study that assessed levels of autoantibodies as
well as antimicrobial antibodies following B-cell-depletion
therapy using rituximab in 16 patients with systemic lupus
erythematosus. While anti-nucleosome and anti-dsDNA-
autoantibodies were significantly decreased by 6—8 months
of rituximab treatment, there was no impact on antimicrobial
antibodies against tetanus toxoid or pneumococcal capsular
polysaccharide [37].

With regard to ocrelizumab, long-term follow-up data
are clearly limited at this point. Nevertheless, preliminary
data from the pivotal phase 3 trials on ocrelizumab and their
open-label extensions have been reported [35]. After 264
weeks of ocrelizumab treatment, there was a mean reduc-
tion from baseline of 17% for IgG, 21% for IgA, and 58%
(RRMS) and 56% (PPMS) for IgM. The proportion of
patients who reached Ig levels below the LLN were 5.7%
for IgG, 5.4% for IgA, and 29.2% for IgM. Within the first 6
years, treatment with ocrelizumab reduced serum IgG con-
centration at an average rate of 0.32 g/L per year (3.0% per
year). The reduction of Ig levels below LLN was associated
with an increased occurrence of serious infection events. The
strongest association was observed for hypo-IgG; however,
no clear association between serious infection events and
distinct pathogens, organ affected, disease severity, or infec-
tion duration could be determined for the different Ig classes.

The clinical trials—most likely due to the short-term
observation periods—indicated low evidence for severe Ig
decrease or an overall increase in serious infections. The
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HERMES trial reported that 22.4% of rituximab-treated
patients displayed IgM levels below the LLN compared with
8.6% in the placebo arm over an observation period of 48
weeks [16]. In the OLYMPUS trial, IgM levels were below
the LLN in 31.7% of rituximab-treated compared with 5.9%
of placebo-treated patients over an observation period of 96
weeks [23]. For the OPERA and ORATORIO trials (ocreli-
zumab), 16.5% and 15.5% of treated patients, respectively,
showed IgM levels below the LLN. A small proportion of
patients showed reduced levels of IgA and IgG (2.4 and 1.5%
below the LLN) in the OPERA trial. There is no mention of
reduced IgA and IgG levels in the ORATORIO trial [25, 26].

No definitive data are available regarding the effects of
ofatumumab on Ig levels, although this monoclonal B-cell-
targeting antibody did undergo phase 3 trials in MS. Initial
indications of minor effects on Ig levels have been shown
[38], analogous to the effects seen following use of ofatu-
mumab in oncological indications [39, 40]. Interestingly,
ofatumumab may show greater effectivity in targeting B
cells in lymphoid organs, but could also be associated with
faster repletion of B cells than rituximab therapy. This may
hold implications with regard to infection risks associated
with B-cell depletion [41].

The increased risk of infections following anti-CD20
MS therapy in a real-world setting was recently confirmed
in a Swedish register-based cohort study that compared
rituximab, fingolimod, natalizumab, and interferon beta/
glatiramer acetate [8]. Of these disease-modifying therapies,
rituximab was associated with the highest rate of serious
infections. Interestingly, antibiotic usage was highest with
rituximab, while the prescription of herpes antiviral drugs
was approximately 70% higher with fingolimod and natali-
zumab than rituximab, suggesting that patients who received
anti-CD20 therapy might be more prone to bacterial than
viral infections [8]. A key difference between this real-world
data and the phase 3 studies mentioned above is the longer
observation period.

In summary, there is a considerable risk of developing
SID in terms of hypogammaglobulinemia with anti-CD20
therapy. SID appears to be correlated with treatment dura-
tion and leads to increased risk of bacterial infections.

2.2 Alemtuzumab

2.2.1 Clinical Use of Alemtuzumab in Neurological
Disorders

Alemtuzumab is a humanized monoclonal anti-CD52 anti-
body initially approved in 2001 for the treatment of B-cell
chronic lymphocytic leukemia (B-CLL), and has since
been used in various hematological malignancies. In 2013,
alemtuzumab was approved for RRMS patients with active
disease, and following recent recommendations should be

reserved for patients with first-line treatment-refractory
RRMS [42].

2.2.2 Change in Circulating Immune-Cell Populations
with Alemtuzumab

CD52 is highly expressed on T and B lymphocytes and to a
lesser degree on monocytes and dendritic and natural killer
(NK) cells, whereas expression in plasma cells as well as
bone-marrow stem cells is negligible. Therefore, alemtu-
zumab causes a massive depletion of circulating lympho-
cytes; however, it induces a less profound impact on cells
resident in lymphoid organs [42]. Before its approval for
RRMS, the therapeutic efficacy of alemtuzumab in MS
patients had been explored since the early 1990s. Long-term
follow-up data from 37 treatment-naive patients (median age
of 39 years) with progressive MS who had received a single
course of alemtuzumab between 1991 and 1997 provide val-
uable insight into the duration of lymphopenia and time to
lymphocyte reconstitution, respectively [43]. The geometric
mean recovery time for total lymphocyte count to reach the
LLN was 12.7 months, for CD19* B lymphocytes recovery
to LLN was 7.1 months, and median recovery time for CD8"
and CD4" lymphocytes was 20 and 35 months, respectively.
Of note, only 30% and 21% of patients, respectively, recov-
ered CD8" and CD4* lymphocytes to baseline values, with
follow-up lymphocyte counts available for a median of 12
years. Baseline values for B lymphocytes were not available
in this study. These findings suggest long-lasting lympho-
penia after only one single course of alemtuzumab, even in
relatively young patients without previous immunomodula-
tory therapy.

2.2.3 Ig Levels and Clinical Risk of Infection
with Alemtuzumab

Humoral responses to recall antigens as well as T-cell-
dependent and -independent responses to vaccination have
been reported to be largely normal following alemtuzumab
treatment in a small pilot case-control study [44]. Serum
antibodies against common viruses remained detectable after
treatment [44], probably owing to negligible expression of
CDS52 on plasma cells. Nevertheless, a recent investigation
of 38 RRMS patients demonstrated significant reductions
in serum Ig levels (IgG, IgA, and IgM) at 12 and 24 months
following two courses of alemtuzumab [45]. Some patients
who required an additional third course due to persistent dis-
ease activity exhibited a further decline in IgG, but not IgA
or [gM. Those patients with IgG below the LLN were shown
to be at increased risk of developing pneumonia, sinusitis,
and otitis [45].

Pooled 6-year data from the pivotal phase 2 (CAMMS233)
and phase 3 (CARE-MS I + CARE-MS 1I) trials comparing
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two courses of 12 mg alemtuzumab versus 44 ug subcutane-
ous interferon beta in RRMS indicate that infections occurred
more frequently with alemtuzumab. Severity of infections
was graded as mild to moderate in approximately 95% of
cases and predominantly included upper respiratory tract, uri-
nary tract, and herpetic infections. The rate of serious infec-
tions was 1.0-1.9% per year. Moreover, lymphocyte counts
were not predictive of infection risks [46].

Given the rapid and long-lasting induction of lymphope-
nia following alemtuzumab treatment, the reported occur-
rence of infections has been surprisingly infrequent and of
rather mild to moderate severity [47]. However, a recent
review of post-marketing surveillance data and several sin-
gle case reports concluded that patients who received alem-
tuzumab may be at increased risk of serious opportunistic
infections such as Listeria monocytogenes, Cytomegalovirus,
and Pneumocystis jiroveci [47].

In summary, owing to the broad and long-lasting
immune-cell-depleting effects of alemtuzumab, patients are
at considerable risk of developing both cellular and humoral
SID. Antibody deficiency may play a role after long-term
treatment. However, the exact incidence of serious infec-
tions associated with low Ig levels in patients treated with
alemtuzumab requires further systematic evaluation.

2.3 Natalizumab
2.3.1 Clinical Use of Natalizumab in Neurological Disorders

Natalizumab is a humanized monoclonal antibody target-
ing the cell-adhesion molecule a-4 integrin (VLA-4), which
is required for the vascular transmigration of leukocytes.
Natalizumab was approved for RRMS treatment and pre-
vents immune-cell infiltration of the CNS across the blood-
brain barrier [48].

2.3.2 Change in Circulating Immune-Cell Populations
with Natalizumab

In contrast to other immune-suppressive drugs, natalizamab
treatment is not generally associated with an increased risk
of lymphopenia, but conversely leads to increases of circu-
lating T and B lymphocytes as well as lymphoid progeni-
tor cells [48] while blocking their egress to the brain and
cerebrospinal fluid [49]. Also, natalizumab does not seem
to affect cytokine responses in T cells derived from RRMS
patients [50].

2.3.3 Ig Levels and Clinical Risk of Infection
with Natalizumab

Due to its mode of action, a relevant reduction in serum Ig
level with natalizumab would not intuitively be expected.

A\ Adis

However, two cross-sectional cohort studies revealed a sig-
nificant reduction in serum IgM and IgG. A longitudinal
cohort study confirmed IgM and IgG reductions during
natalizumab treatment, although the reduction in IgG was
less pronounced and appeared rather inconsistent [51]. One
possible mechanism underlying diminished serum Ig lev-
els during natalizumab treatment might be an impairment
of B-lymphocyte homing, preventing follicle formation
and finally leading to reduced generation of plasma cells
[51-53]. However, vaccination responses to both recall (teta-
nus toxoid) and neoantigen (keyhole limpet hemocyanin) are
largely normal in natalizumab-treated patients [54]. As such,
the clinical relevance of any natalizumab-induced reduction
in serum IgM, and possibly IgG, with regard to infection risk
remains unclear and warrants further investigation.

Regarding Ig levels in the cerebrospinal fluid (CSF), a
recent longitudinal, observational study demonstrated an
impaired intrathecal production of antiviral antibodies after
1 year of natalizumab treatment [55]. The authors reported
a significant decline in CSF levels of IgG, IgM, and IgA,
whereas in serum only IgM was found to be reduced.
Intrathecal polyoma JC virus (JCV) and BK-virus (BKV)
specific antibody production was identified in 20% of treat-
ment-naive RRMS patients, but became undetectable under
natalizumab, while peripheral JCV and BKV antibody pro-
duction persisted. Interestingly, intrathecal antibody produc-
tion against measles, rubella, and zoster antigens remained
mostly stable, suggesting that natalizumab may predomi-
nantly affect intrathecal humoral immune responses against
JC rather than other neurotropic viruses [55].

The pivotal phase 3 trials on natalizumab in RRMS,
AFFIRM (natalizumab vs. placebo) and SENTINEL (natali-
zumab vs. interferon beta), did not identify any increased
risk for infections or serious infections [56, 57]. However,
in the SENTINEL trial, two cases of progressive multifocal
leukoencephalopathy (PML) were reported [56]. As a con-
sequence of impaired CNS immunosurveillance, a subgroup
of patients receiving natalizumab has an increased risk of
developing serious opportunistic brain infections, most nota-
bly symptomatic JCV infection causing PML. The overall
natalizumab-associated PML incidence has been indicated
as 4.14 per 1000 patients [58]. Three main risk factors for the
development of PML with natalizumab have been identified:
positivity for anti-JCV antibodies (approximately 55% of
patients), duration of natalizaumab treatment with the highest
risk level occurring beyond 2 years of continuous therapy,
and preceding use of immunosuppressive drugs [59]. Addi-
tionally, a review of post-marketing adverse events indicated
a potential for increased risk of CNS herpetic infections, pre-
dominantly herpes simplex virus (HSV) and VZV, although
these may occur less frequently than JCV reactivation and
development of PML, respectively [60].
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In summary, patients treated with natalizumab do not
appear at a relevant risk of developing SID in terms of
either hypogammaglobulinemia or decreased cellular
immunity.

2.4 Fingolimod
2.4.1 Clinical Use of Fingolimod in Neurological Disorders

Fingolimod (FTY720) is a first-in-class sphingosine-
1-phosphate (S1P) receptor agonist approved for the treat-
ment of RRMS since 2010. As a sphingosine analogue,
fingolimod becomes phosphorylated by sphingosine
kinases and modulates four of the five known S1P recep-
tors, except for S1P,. Structurally a S1P receptor agonist,
its immunomodulatory effect is presumably based on its
“functionally antagonistic” effect on the S1P, receptor
expressed on lymphocytes, causing receptor internaliza-
tion and abrogation of S1P, signaling. It thereby interferes
with the egress of predominately CCR7* lymphocytes from
lymphoid tissues and prevents infiltration of the CNS [61].
Recently, more selective S1P receptor modulators with a
comparable mode of action such as siponimod, ozanimod,
and ponesimod have been approved or are in clinical devel-
opment [62].

2.4.2 Change in Circulating Immune-Cell Populations
with Fingolimod

As a consequence of lymphocyte sequestration, fingoli-
mod causes a reversible decrease in circulating lympho-
cytes of 70-80% within 2 weeks of treatment initiation,
resulting in mean lymphocyte counts of approximately
0.5 x 10°/L that remain relatively stable over several
months and years on therapy [63]. Since the induction
and maintenance of a “therapeutic lymphopenia” is con-
sidered integral to the efficacy of fingolimod, lympho-
cyte counts below 0.2 x 10°/L have been defined as the
criterion for treatment discontinuation. An increased risk
of developing severe lymphopenia has been identified in
patients with baseline lymphocyte counts below 1.6 X
10°/L and in female patients with low body mass index
(BMI; < 18.5 kg/m?) [64]. In the majority of patients,
lymphocyte reconstitution begins 2 weeks following ces-
sation of therapy and lymphocyte counts usually reach
~ 80% of baseline values within 2—3 months. However,
patients with markedly delayed lymphocyte reconstitution
have been described and only partial recovery may persist
years post-cessation [65, 66]. However, the degree and
heterogeneity of lymphocyte reconstitution do not seem
to be related to age, treatment duration, or lymphocyte
count pre-treatment [65].

2.4.3 Ig Levels and Clinical Risk of Infection
with Fingolimod

A recent retrospective, cohort study of 327 RRMS patients
comprising six patients receiving fingolimod found sig-
nificantly reduced IgG levels in fingolimod-treated patients
compared with untreated patients, but two of them had IgG
levels below LLN [67]. In line with this, a recent case series
study investigated IgG titers in response to varicella-zoster
virus (VZV) vaccination in 11 fingolimod-treated patients.
Following initiation of fingolimod, there was a general
decrease in antibody titers, and a disappearance occurred in
7/11 patients. After cessation of fingolimod therapy, anti-
body titers reappeared [68]. However, previous studies have
indicated that patients treated with fingolimod are still able
to mount sufficient adaptive immune responses to influenza
vaccines [69], although the avidity of anti-influenza IgG may
fail to increase in fingolimod-treated patients compared with
interferon beta-treated patients or healthy controls [70]. Sim-
ilarly, a randomized, multicenter, placebo-controlled study
of 136 RRMS patients demonstrated that fingolimod-treated
patients can indeed mount sufficient immune responses to
vaccination, but seroconversion might be impaired compared
to placebo controls [71].

In contrast to its effects on peripheral immune cells, fin-
golimod has a less profound impact on T and B cells in cer-
ebrospinal fluid. Consistently, fingolimod shows little effect
on intrathecal Ig synthesis [72].

Regarding risk of infections, all three trials (FREE-
DOMS I+II and TRANSFORMS) have reported similar
overall infection risks between fingolimod and placebo or
interferon-beta treatment, respectively. However, the risk
of specific infections might be elevated with fingolimod. In
the TRANSFORMS trial, a slightly increased incidence of
upper and lower respiratory tract infections as well as herpes
virus infections was found with fingolimod versus interferon
beta. Of note, two fatal herpetic infections were reported
with the 1.25 mg dose—disseminated primary varicella zos-
ter and herpes simplex encephalitis [73].

In FREEDOM 1, the incidence of lower respiratory
tract infections including pneumonia was increased with
fingolimod versus placebo. While herpes virus infections
were found at similar proportions between fingolimod and
placebo, two cases in the fingolimod groups were classi-
fied as serious—genital herpes and herpes simplex labialis
[74]. FREEDOM II pointed to a greater occurrence of lower
respiratory, influenza, and herpes zoster infections in the
fingolimod groups [75].

An analysis of pooled data from the controlled phase
2 and 3 trials as well as post-marketing surveillance data
further indicated a heightened susceptibility to herpes
zoster infections among patients treated with fingolimod.
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Interestingly, no risk accumulation associated with long-
term exposure to fingolimod could be identified [76].

Recently, the LONGTERMS study provided insight
into the safety and efficacy of fingolimod for up to 14 years
of continuous treatment [77]. Overall, 51.9% of patients
reported adverse events related to infection, of which 19.9%
were suggested to be related to fingolimod treatment. Nota-
bly, 17.3% of patients experienced viral upper respiratory
tract infections, and 2.4% of patients were diagnosed with
herpes zoster. Furthermore, cryptococcal meningitis has
been reported as a relevant risk in the post-marketing set-
ting, occurring after 2—3 years of fingolimod therapy [77].
Moreover, there is a low risk of developing progressive
multifocal leukoencephalopathy (PML) for patients treated
with fingolimod, estimated at 0.13 per 1000 patients, with
37 confirmed cases so far [78].

Interestingly, infection risks with fingolimod appear to
be unrelated to the degree of lymphopenia. Furthermore,
development of severe lymphopenia, as defined above, has
not been confirmed as a risk factor [63, 64, 77, 79].

In summary, while the development of lymphopenia is
integral to the efficacy, fingolimod leads to an increased risk
of mostly viral infections. Antibody deficiency is not known
to play a relevant role. However, humoral responses to vacci-
nation may be impaired in patients treated with fingolimod.

2.5 Dimethyl Fumarate

2.5.1 Clinical Use of Dimethyl Fumarate in Neurological
Disorders

Dimethyl fumarate (DMF) is an established immunomodula-
tory agent for the treatment of MS and psoriasis. In 2013,
DMF received approval as the second orally available treat-
ment for RRMS. While the mode of action underlying its
efficacy in autoimmune diseases has still not been fully
elucidated, DMF has been demonstrated to function as an
activator of the NFE2-related factor 2 (Nrf2) transcription
factor, regulating the expression of antioxidant response ele-
ment (ARE) genes, including a wide range of anti-oxidative
and anti-inflammatory factors [80].

2.5.2 Change in Circulating Immune-Cell Populations
with Dimethyl Fumarate

The clinical efficacy of DMF is not solely related to a deple-
tion of immune cells or the induction of lymphopenia. Nev-
ertheless, the two pivotal phase 3 clinical trials in RRMS
(DEFINE and CONFIRM) indicated that patients receiving
DMF experienced a mean decline in absolute lymphocyte
counts by approximately 30% during the first year of treat-
ment [81, 82]. Mild to moderate lymphopenia was observed
in 30% of patients. About 2% of patients developed severe
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lymphopenia (< 0.5 x 10°/L) that persisted for more than 6
months [83], associated with pleiotropic changes in intracel-
lular calcium homeostasis [84]. Development of lymphope-
nia was mainly correlated with a decline in T-cell subsets;
thereby, DMF appeared to have greater impact on CD8”
rather than CD4" T cells by inducing apoptosis. However,
a reduction in most immune cell types with DMF has been
described, including B cells, NK-cells, dendritic cells, and
monocytes [85-87].

2.5.3 Ig Levels and Clinical Risk of Infection with Dimethyl
Fumarate

A recent prospective, open-label phase 3b study (PRO-
CLAIM) of patients with RRMS (218 patients enrolled and
158 completed) assessed Ig levels after 48 and 96 weeks
of DMF treatment. Total IgA, IgM, IgG, as well as IgG, 4
subclass levels remained stable during DMF treatment and
during follow-up assessments. Interestingly, 16 patients
exhibited baseline IgA, IgM, and IgG levels below the LLN.
Of these, seven reached normal Ig values over the course of
DMF treatment [88]. Regarding immune responses to vac-
cination, an open-label, multicenter study compared patients
receiving DMF and interferon beta. T-cell-dependent recall
antigen and T-cell-independent humoral as well as T-cell-
dependent neoantigen responses were comparable between
the DMF- and interferon-treated patients [89].

In the two pivotal, phase 3 clinical trials, similar rates
of infection were reported between the DMF and placebo
groups. There was a tendency towards an increased inci-
dence of nasopharyngitis, urinary tract infection, upper
respiratory tract infection, bronchitis, sinusitis, and gastro-
enteritis [81, 82]. Nevertheless, DMF treatment has been
recognized to confer an increased risk of developing PML,
with 11 cases reported to date [90]. Of note, this appears to
be independent of the development of severe lymphopenia
[91, 92]. The overall risk of infections, including serious
and opportunistic, appears to be generally low, and there is a
lack of clear correlation to absolute lymphocyte counts [88].

In summary, antibody deficiency does not appear to be a
frequent complication leading to SID with DMF treatment.

2.6 Cladribine
2.6.1 Clinical Use of Cladribine in Neurological Disorders

Cladribine was originally approved for the treatment of
hematological malignancies, including hairy cell leukemia,
due to its potent antiproliferative properties in hematopoietic
cells. In 2017, cladribine also received approval for RRMS
in the EU and, since 2019, it is approved for both RRMS
and active secondary-progressive multiple sclerosis (SPMS)
in the USA, recommended after inadequate response to an
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alternative DMT. Cladribine is a chlorinated deoxyadeno-
sine analogue that requires intracellular phosphorylation by
deoxycytidine kinase (DCK) to be incorporated into DNA.
This causes DNA strand brakes and subsequently induction
of apoptosis. Therefore, cladribine preferentially targets
rapidly dividing cells such as lymphocytes expressing high
levels of DCK [93].

2.6.2 Change in Circulating Immune-Cell Populations
with Cladribine

Oral cladribine is administered as a cumulative dose in two
4-week cycles over the course of 2 years. Following the first
treatment cycle, absolute lymphocyte counts reached a nadir
at 1.0 x 10° cells/L after 2 months. Following the second
cycle, a nadir of 0.81 X 10° cells/L was reached at week 55
of treatment [94]. A quarter of patients (25%) experienced
severe lymphopenia grade 3 (< 0.5 X 10°/L) and < 1% of
patients experienced lymphopenia grade 4 (< 0.2 x 10%/L)
[95, 96]. Overall decline in absolute lymphocyte counts
(ALCs) was closely correlated with a decrease in CD19%
B Iymphocytes as well as CD4* and CD8* T lymphocytes,
albeit the decrease in CD8" cells was less pronounced [94].
Furthermore, cladribine may target memory B lymphocytes
to a greater extent due to increased expression of DCK in
these cells [97].

2.6.3 Ig Levels and Clinical Risk of Infection with Cladribine

To date, no systematic investigation of Ig levels in patients
treated with cladribine has been published. One observa-
tional study reported a loss of oligoclonal bands in 55% of
patients observed over the course of 10 years, suggesting
that cladribine may impact intrathecal humoral immune
responses [98].

A combined analysis of the safety data for oral cladribine
monotherapy across the three pivotal phase 3 clinical trials
(CLARITY; CLARITY EXTENSION, and ORACLE-MS)
and the PREMIERE registry (a prospective, observational
registry for MS patients who have participated in the clini-
cal trials) has been performed [99]. An increased incidence
of herpetic infections, in particular herpes zoster followed
by oral herpes and herpes simplex, was found following
cladribine treatment. During periods of grade 3 or 4 lym-
phopenia, a greater frequency of herpes zoster and upper
respiratory tract infections was observed [99].

In summary, the decrease of CD19" B-lymphocytes in
patients treated with cladribine points to the potential to
cause antibody deficiency in long-term-treated patients.
However, further studies will show whether impaired
humoral immune response leads to SID in cladribine-treated
patients.

3 Risk of Developing Secondary
Immunodeficiency (SID) Under
Immunotherapy in Neurological Diseases

Overall, in contrast to non-neurological conditions, immuno-
therapy in neurology often requires long-term maintenance
therapeutic regimens from a young age, further increasing
the likelihood of developing SID. All the drugs discussed
above have the potential to contribute to an increased risk of
infections. For some of these drugs, the immune mechanism
underlying an increased infection rate is not clearly known,
but secondary antibody deficiency is particularly relevant in
the occurrence of SID. It has been estimated that treatment-
associated secondary antibody deficiency might be 30 times
more frequent than primary antibody deficiency [4], and the
incidence of treatment-associated secondary antibody defi-
ciency seems likely to increase further in the coming years,
especially considering new therapies targeting B lympho-
cytes in neurology alone.

The identification of and screening for risk factors that
may predispose patients to develop SID is critical to avoid
the contraction of serious, potentially life-threatening infec-
tions. Impairment of the humoral immune compartment as
a cause for SID has been best characterized for anti-CD20
therapy, but is likely to also apply to other potent immu-
nosuppressive drugs such as alemtuzumab or fingolimod.
Further studies are required to better define and understand
this relevant aspect.

Regarding the example of rituximab, the risk for seri-
ous infections has been found to be elevated in individuals
with low baseline IgG levels at treatment initiation, long
treatment duration, increasing age, structural lung disease,
cardiovascular diseases, and use of previous or concomitant
immunosuppressive agents [31, 32]. These factors should be
considered before starting any immunomodulatory therapy
in patients with neurological conditions (Table 3).

Low Ig levels resulting from anti-CD20 therapy predis-
pose to heightened risks of infections [34, 100]. A retrospec-
tive cohort study of 4,479 patients found that the majority of
patients (3,824) receiving rituximab had not been examined

Table 3 Risks factors for severe infections in patients receiving
immune therapy

Pre-existing low IgG levels (< 6 g/L)

Older age (> 65 years)

Higher doses of concomitant corticosteroids

Prior immunosuppressive treatment (e.g., cyclophosphamide)
Cardiovascular diseases

Structural lung disease

IgG immunoglobulin G
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for hypogammaglobulinemia prior to treatment initiation
[101]. However, 47.8% of those patients with determined
Ig levels displayed hypogammaglobulinemia at treatment
start and worsening of this condition was noted following
rituximab administration. There was an association between
increased mortality and severe infections within 6 months
before and after the first rituximab infusion [101].

A link between low baseline Ig levels and risk of SID also
seems likely for other B-cell-targeting therapies, as interim
reports indicated an association between hypogammaglobu-
linemia and serious infections with ocrelizumab [35].

Therefore, the assessment of pre-existing Ig levels as well
as of the other risk factors should be standard procedure
before therapy initiation of immune therapies.

Aside from the assessment of serum Igs, the determina-
tion of B-cell reconstitution might prove useful to achieve
a more personalized treatment approach, at least in patients
treated with B-cell-targeting therapies. In studies involving
NMSOD patients, maintenance therapy was only initiated
after a certain threshold of re-emerging CD27* B memory
cells was surpassed following the first rituximab cycle. This
allowed for a cumulative dose reduction while sustaining
clinical efficacy of rituximab [102, 103]. Such treatment
strategies may not only reduce drug exposure and costs, but
also increase safety with regard to infection risk and overall
adverse events (Table 4).

4 Prevention and Treatment of SID
in Patients with Neurological Conditions

Although the induction of immunodeficiency is not an
intended consequence, it is, to some extent, integral to the
clinical efficacy of immunotherapies. Therefore, in patients
at high risk of serious infectious complications, “immune
supplementation” without compromising treatment efficacy
may be desirable. Currently, there are no consensus guide-
lines available for the treatment of patients with neurologi-
cal conditions developing SID. Nevertheless, there is long-
standing experience regarding the management of primary

Table 4 Potential strategies to prevent and treat secondary immuno-
deficiency (SID)

Evaluate baseline IgG levels prior to B cell ablation (< 6 g/l)
Monitor IgG levels during therapy

Avoide concomitant corticosteroid therapy

Individualized dosing instead of fixed regimes

Test vaccination responses to evaluate SID

Early IVIg/SClIg administration, particularly in risk groups (age, pre-
treatment, preceding infections)

IgG immunoglobulin G, 1VIg/SClg intravenous/subcutaneous immu-
noglobulin
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immunodeficiencies, immunodeficiencies in hematological
malignancies, and consecutive antibody deficiency that
may indicate a potential for using Ig replacement therapy
(IGRT). Firstly, the ability of intravenous Igs (IVIgs) to
reduce bacterial infections was demonstrated three dec-
ades ago in patients with chronic lymphocytic leukemia
or non-Hodgkin lymphoma who developed hypogamma-
globulinemia or had a history of recurrent infections [104,
105]. The efficacy of IGRT to reduce bacterial infections
is dose dependent [106]. Several studies have strengthened
the evidence base for IGRT in these conditions; however,
clear recommendations concerning dosing and timing are
still required [107, 108]. Recently, the European Medicines
Agency (EMA) recommended IVIg to those patients “who
suffer from severe or recurrent infections, ineffective antimi-
crobial treatment and either proven specific antibody failure
(PSAF) or serum IgG level of < 4 g/ (with PSAF defined
as failure to mount at least a twofold rise in IgG antibody
titer to pneumococcal polysaccharide and polypeptide anti-
gen vaccines) [109]. The recommended dose for IGRT is
0.2-0.4 g/kg body weight every 3—4 weeks; however, dos-
ing and timing can be adjusted to the patient’s individual
requirements. In clinical practice, IGRT can be administered
intravenously (IVIg) or subcutaneously (SCIg). While both
routes of administration produce favorable outcomes, SClg
may have advantages over IVIg, especially with regard to
convenient self-administration and improved pharmacoki-
netic properties, i.e., near steady-state IgG serum concen-
trations and a reduced incidence of systemic adverse events
[107, 110, 111].

Studies report that patients with B-cell-targeting ther-
apy-associated hypogammaglobulinemia who received Ig
replacement therapy had a lower risk of serious infectious
complications, indicating that excess mortality and morbid-
ity might be avoided by identifying patients requiring Ig
replacement therapy [101]. While several reports clearly
indicate that IGRT significantly reduces the risk of infec-
tions, the routine use of prophylactic IVIg for this purpose
is debated. A Cochrane database review does not support
routine primary prophylactic IVIg treatment in patients with
hematopoietic stem cell transplant, while IVIg secondary
prophylaxis may be considered in patients with hema-
tological malignancies for reducing infection frequency
[112]. While the prophylactic administration of antibiotics
is common practice in patients with malignancies and pri-
mary immunodeficiencies, this is not a usual procedure in
patients treated for neuroinflammatory conditions. However,
given the risk of the emergence of multi-resistant bacterial
strains with antibiotic prophylaxis, the use of IGRT should
be considered as an alternative even in patients with mild to
moderate antibody deficiency [1, 107, 108].

Moreover, concomitant corticosteroid therapy should be
avoided if possible, as the extent of hypogammaglobulinemia
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has been shown to correlate with corticosteroid dosage in
asthmatic patients receiving daily prednisolone [113].

There are no consensus guidelines regarding vaccination
strategies particularly for patients with MS or other neu-
rological disorders under various immunotherapies [114].
Prophylactic vaccination employing live and attenuated
vaccines is generally not recommended for patients with
SID; however, despite an impaired humoral immune com-
partment, a certain degree of protection can be achieved
using inactivated vaccines [4, 108]. Before initiating
immunomodulatory/-suppressive therapy, vaccination sta-
tus should be checked and, if necessary, vaccinations should
be carried out according to national recommendations. Par-
ticular attention should be paid to vaccination against VZV
before initiation of immunotherapy [114]. Even for VZV-
seropositive patients, vaccination might be considered to
prevent zoster reactivation [114]. In this regard, a recom-
binant VZV vaccine is available for immunocompromised
patients [115]. Furthermore, aside from quantitative serum
Ig measurements, patients at high risk of developing anti-
body deficiency might benefit from an assessment of vacci-
nation responses, preferably using conjugate polysaccharide
vaccines [4, 108].

5 Covid-19 and Immunotherapy
in Neurology

Since the occurrence of infections with the severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) and identi-
fication of the coronavirus disease 2019 (Covid-19) in China
in late 2019 [116, 117], more than 200,000,000 confirmed
cases have been verified [118]. While up to 60% of Covid-
19 patients may show neurological symptoms [119], the
question arises as to whether Covid-19 severity is worsened
in patients treated with immunosuppressive/-modulatory
agents and whether neuroinflammatory conditions are exac-
erbated by SARS-CoV-2 infection. Although availability of
reliable data sets regarding the risks of SARS-CoV-2 infec-
tion is still limited for most neuroimmunological conditions,
a handful of studies have analyzed Covid-19 disease severity
in mostly MS patients with and without DMT.

A survey conducted shortly after the beginning of the
Covid-19 pandemic found no increased risk of contracting
SARS-CoV-2 infection in MS and NMOSD patients, irre-
spective of whether patients had received DMTs [120].

Similarly, a French observational study encompassing
347 MS patients found that Covid-19 symptom profiles are
consistent with that of the general population [121]. While
a correlation between neurological disability as assessed
by EDSS and Covid-19 severity was identified, there was
no elevated risk for increased Covid-19 severity in patients
receiving DMTs. Interestingly, there was even a lower risk

for hospitalization under DMTs [121]. This is in line with
case reports, i.e. relating to the use milder immunomodula-
tory therapies such as dimethyl fumarate [122, 123], indi-
cating potentially protective effects against overshooting
immune responses triggered by SARS-CoV-2 infection,
possibly depending on the respective mode of action of the
DMT.

As for more potent immunosuppressive therapies, one
study observed an increased risk for severe Covid-19 in MS
patients treated with anti-CD20 agents compared to other
DMTs [124]. Another recent study found no overall height-
ened risk of infection or severity of Covid-19 with DMTs,
but observed a tendency towards an increased risk of infec-
tion with alemtuzumab and cladribine [125]. An Austrian
investigation of 126 MS patients with Covid-19 concluded
that severity is not affected by DMTs when accounting for
already known risk factors such as age, obesity, comorbidi-
ties, and degree of physical disability.

Likewise, with regard to neuromuscular disorders includ-
ing myasthenia gravis, inflammatory myositis and chronic
inflammatory neuropathies, the risk of infection does not
seem to be increased, albeit the risk for hospitalization might
be increased in patents receiving immunomodulatory thera-
pies. Nevertheless, the majority of patients appear likely to
experience mild to moderate Covid-19 [126].

Collectively, based on the evidence available so far, nei-
ther the risk of SARS-CoV-2 infection nor the development
of severe Covid-19 symptoms appears to be significantly
increased in patients with MS and other neuroimmunologi-
cal disorders, with or without DMTs. With regard to Covid-
19 vaccination, humoral responses are partly impaired in
patients receiving certain DMTs such as ocrelizumab or
fingolimod [118, 127]; however, expert consensus states
that discontinuation or modification of DMTs should not be
considered, as the risk of disease reactivation or progression
outweighs the potential benefit [128, 129].

6 Conclusion

SID in neurology is only partly understood, and further
research is needed. However, in recent years progress has
been made in the identification of risk factors that predis-
pose patients to the development of SID. These include the
duration of therapy, increasing age, and pre-existing low Ig
levels before therapy initiation. A better risk stratification,
more individualized treatment approaches, including the
assessment of immune cell reconstitution, and adjustment
of treatment courses, as well as immune supplementation
employing IGRT might substantially reduce morbidity and
mortality associated with SID in neurological conditions. In
light of the broad range of existing and emerging therapies,
the potential for SID warrants urgent consideration among
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neurologists and other healthcare professionals to improve
diagnosis and treatment. Treatment strategy studies consid-
ering SID as potential adverse effect are needed, and data
available from routine clinical practice, such as anonymized
data from electronic records, should be analyzed in a global
“big data” approach to shed more light on this topic that is
only partly elucidated so far.
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