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Abstract

Multiple sclerosis (MS) and neuromyelitis optica (NMO) are the most prevalent
neuroinflammatory diseases of the central nervous system (CNS). The immunological cascade of
these disorders is complex, and the exact spatial and temporal role of different immune cells is not
fully understood. Although MS has been considered for many years to be primarily T cell driven,
it is well established that B cells and the humoral immune response play an important role in its
pathogenesis. This has long been evident from laboratory findings that include the presence of
oligoclonal bands in the CSF. In NMO the importance of the humoral immune system appears
even more obvious as evidenced by pathogenic antibodies against aquaporin 4 (AQP4). Besides
their capacity to mature into antibody-producing plasma cells, B cells are potent antigen
presenting cells to T lymphocytes and they can provide soluble factors for cell activation and
differentiation to other immune-competent cells.

In MS and NMO, there are substantial data from clinical trials that B cell depletion with CD20-
directed agents is effective and relatively safe. Plasma cells, which produce antibodies against
molecular targets expressed by the host, but which also provide humeral immune responses
against pathogens, are not targeted by anti-CD20 therapies. Therefore the depletion of CD19-
expressing cells would offer potential advantages with regard to efficacy, but potentially higher
risks with regard to infectious complications.

Corresponding author: Olaf Stive, M.D., Ph.D, Neurology Section, VA North Texas Health Care System, Medical Service, 4500
South Lancaster Rd., Dallas, TX 75216, olaf.stuve@utsouthwestern.edu.
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This review will outline the rationale for CD19 as a molecular target in CNS autoimmunity. The
current stage of drug development is illustrated. Potential safety concerns will be discussed.

The putative role of B cells in inflammation

In addition to presenting antigen to T cells, B cells are also a major source of regulatory
cytokines (Figure 1). Not unlike T cells, B lymphocytes can be divided into distinct
phenotypes based on the cytokines they express. Regulatory B cells (Breg) secrete high
levels of interleukin (IL)-10 or transforming growth factor-beta (TGF-). Plasma cells have
recently been described as expressing the highest levels of 1L-10 and 1L-35 within the B cell
population during acute bacterial infection. In the same study, B cell derived 1L-35 was also
found to be required for recovery from experimental autoimmune encephalomyelitis (EAE),
a mouse model for MS [1]. B effector cells (Be) however, produce distinct arrays of
cytokines depending on maturation and environmental factors. Analogous to helper T cell
(Th) polarization, Be cells were initially classified as expressing either the Th1 signature
cytokine interferon gamma (IFNy) (Bel), or the Th2 cytokines IL-4, IL-5, and IL-13 (Be2),
thus regulating leukocyte migration and inflammatory cell infiltration [2]. The exact
mechanisms that drive B cell development toward Bel or Be2 remain mostly unknown. Bel
polarization appears to be the default developmental pathway and absolutely dependent on
expression of the IFNy receptor and the T-box transcription factor T-bet. [3]. In contrast,
differentiation towards a Be2 phenotype is promoted by IL-4. The Be 1 phenotype is
dynamic, and IL-4 signaling leads to a switch from Bel to Be2 cells [4].

The recognition that B cell subsets may be pro- or anti-inflammatory, and that some of the B
cell phenotypes are dynamic in their development is important in the context of any
pharmacological intervention, as B cell-depleting therapies should ideally not
indiscriminately target Breg and Be subsets. The complexity of B cell biology and their role
as putative cellular targets for therapeutic interventions is further illustrated by the fact that
Be subsets are only a subset of a larger category, so-called B 2 cells with very diverse
surface markers, anatomical distribution, and cellular functions (Table 1).

B cells in multiple sclerosis

It has taken neurologists and neuroimmunologists the better part of the 20t century to
develop a true appreciation for the pathogenic role of B cells in multiple sclerosis (MS).
While a clear understanding of B cell function in MS is still only incompletely understood,
the results of recent clinical trials that employed B cell-targeted therapies has made cells of
the B cell lineage prime cellular targets in this disorder.

Until recently, B cells were primarily thought of as (auto) antibody producing lymphocytes
(Figure 1). In 1942, Elvin Kabat identified monoclonal spikes of immunoglobulin (Ig), or
oligoclonal bands (OCBs), by electrophoresis in the cerebrospinal fluid (CSF) of MS
patients [5]. Subsequently, Astrid Fagraeus identified the function of plasma cells as
antibody-producing cells in 1948 [6]. When John Simpson discovered that antibodies of
patients with myasthenia gravis bind the acetylcholine receptor at the neuromuscular
junction, their functional role was rightfully interpreted as autoimmune [7]. Given that the
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presence of OCBs in MS indicate an exaggerated Ig synthesis in the brain and spinal cord, it
has been assumed by many that these antibodies may initiate and perpetuate disease activity.
The molecular and cellular targets of OCBs in MS have not (yet) been identified despite the
fact that plausible candidates, including myelin oligodendroycte glycoprotein (MOG), were
investigated extensively. Thus, it cannot be entirely ruled-out that they are an
epiphenomenon. However, given the abundance of 1g in some MS lesions, an aberrant
humeral immune response against CNS molecular targets cannot be ruled-out [8]. Srivastava
and colleagues used a proteomic approach focusing on membrane proteins, and they
identified the ATP-sensitive inward rectifying potassium channel KIR4.1 as the target of
serum IgG of MS patients, but not controls [9]. Serum antibodies to KIR4.1 were also
detectable in the majority of children with acquired demyelinating CNS disorders [10], and
the same group reported on a differential loss of KIR4.1 immuno-reactivity in multiple
sclerosis lesions [11]. The data has not yet been confirmed by independent groups [12].

The histopathology of MS lesions shows heterogeneity, and one group of investigators
identified four fundamentally different patterns of demyelination defined by myelin protein
loss, the location and extension of plaques, the patterns of oligodendrocyte destruction, and
the immunopathological evidence of complement activation [8]. Two patterns resembled T
cell-mediated or T-cell plus antibody-mediated autoimmune encephalomyelitis. The other
two patterns suggested a primary oligodendrocyte dystrophy. In contrast to NMO lesions, no
eosinophilic infiltrates have been identified in MS lesions. The molecular analyses of B cells
in CNS lesions provided evidence for hypermutations and support a view for a pivotal role
of compartmentalized antigen-specific B cell expansions [13].

It is now recognized that B cells play additional roles in inflammation in general, and in
central nervous system (CNS) inflammation in particular. In a seminal observation, John
Prineas described lymphoid tissue in cerebral perivascular spaces in autopsy tissue of
patients with MS [14]. In some patients the lymphoid structures within the cerebral
perivascular regions resemble the germinal centers in secondary lymphoid organs, where B
cells proliferate, differentiate, and mutate the B cell receptor (BCR) through somatic
hypermutation [15]. However, cerebral perivascular spaces, also known as “Virchow-Robin
spaces”, also constitute a compartment that plays a critical role in antigen presentation
within the brain. Hematopoetically-derived myeloid cell subsets and B cells reside in these
spaces. It has long been shown that B lymphocytes are very capable of presenting antigen to
T cells (Figure 1). Li and colleagues recently demonstrated that B lymphocytes of basal
vertebrates are capable of phagocytosis [16]. In humans and other vertebrates, B cells are
not capable of engulfing proteins like DC and other phagocytes in order to digest them
within the phagosome. However, in these species, B cells do endocytose antibody-fixed
pathogens. Like DCs, B cells constitutively express MHC class I molecules. The unique
role of B lymphocytes as antigen presenting cells (APC) results from the expression of the
high-affinity BCR, which recognizes soluble antigens. This endows them with superior
antigen presenting ability for antigens that are present at very small concentrations. Thus, in
contrast to myeloid APCs, B cells can selectively present antigens. In addition, B cells can
endow antigen-selectivity to DCs by marking pathogens or other antigens, through Fc
receptor-binding antibodies (opsonization) for uptake by the phagocyte.
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Results from rituximab clinical trials have shown that the role of B cells as APCs and
secretors or cytokines and chemokines is very likely more important than their antibody
production in the pathogenesis of MS. The deletion or substantial reduction in the number of
CD20™" B cells with rituximab also was associated with a significant decrease (>50% of
pretreatment levels) in CD3* T cells within the CSF of patients after a minimum rituximab
exposure of 24 weeks. This decrease was attributed to decreases in the chemokines CXCL13
and CCL19 [17]. The efficacy of rituximab on magnetic resonance imaging (MRI) outcomes
was studied in a phase 11 clinical trial. By the 12" week post infusion the total number of
gadolinium-enhancing lesions was significantly decreased as compared to the placebo arm,
with no new lesions forming from 12 weeks to 48 weeks (end-point for the study) post-
infusion [18]. The decreased number of gadolinium-enhancing lesions, along with a lack of
newly formed lesions, combined with no significant change in the 1gG levels found in the
CSF of rituximab treated patients suggests that the APC function of B cells, along with their
creation and maintenance of specific cytokine and chemokine networks is more important
than their antibody secretion in the pathogenesis of MS.

Twenty-five years after Prineas' initial observation, other investigators re-discovered
lymphoid tissue in the CNS, and were able to characterize them in more detail [19],[20].
Serafina and colleagues showed that B cell follicles in the cerebral meninges of patients with
MS are sites of Epstein-Barr virus (EBV) latency [21]. In their study, B cells and plasma
cells were EBV-infected in all MS cerebral tissues that were evaluated. This observation is
potentially interesting since immune responses against EBV have recently been associated
with MS [22]. However, other investigators were unable to reproduce the findings by
Serfina et al. Willis and colleagues could not detect EBV in any of the examined MS
specimens containing white matter lesions by in situ hybridization, immunohistochemistry
and two independent real-time polymerase chain reaction (PCR) methodologies that detect
genomic EBV or the abundant EBV encoded RNA (EBER) 1, respectively [23].

B cells in neuromyelitis optica

NMO is a recurrent inflammatory disorder of the central nervous system (CNS) that targets
predominantly the optic nerves and the spinal cord. Consequently, patients with NMO are
primarily afflicted with complete or incomplete vision loss, paraparesis, tetraparesis, sensory
loss, and sphincter dysfunction [24]. Specifically, unilateral or bilateral vision loss is the
most common initial presentation, followed by recurrent episodes of transverse myelitis,
usually presenting as longitudinal extensive transverse myelitis (LETM). The diagnosis of
NMO is made mainly on clinical grounds: Current diagnostic criteria require optic neuritis,
myelitis, and at least two of three supportive criteria: (1) MRI evidence of a contiguous
spinal cord lesion three or more segments in length, (2) onset brain MRI non-diagnostic for
multiple sclerosis (MS), or (3) NMO-IgG seropositivity [25]. Importantly, CNS involvement
beyond the optic nerves and spinal cord is compatible with a diagnosis of NMO. Once the
diagnosis of NMO is established, disease exacerbations are identified clinically, and
confirmed by MRI.

Similar to RRMS, the disease course of NMO is typically relapsing-remitting. Also, there is
a strong female preponderance. However, a secondary-progressive disease course has also
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been described but is relatively rare [26]. Instead, disability accumulates almost exclusively
as a result of incomplete recovery of relapses.

Lennon and co-workers first identified NMO-1gG, an autoantibody that binds to human
aquaporin-4 (hAQP4) [27],[28]. In initial case series, NMO-1gG was detectable in the serum
of 33-91% of NMO patients [29]. These discrepancies are explained by differences in study
populations and detection assays. More refined methods, including fluorescence-activated
cell sorting assays, cell-based assays, and enzyme-linked immunosorbet assays (ELISA)
result in a seropositivity of about 90% [30]. Chihara and coworkers discovered that the
number of CD20" CD19!"t cD27Mgh cD38Nigh CD180 peripheral blood plasma blasts
correlates directly with serum AQP4 antibody titers in NMO and NMO spectrum disorder
seropositive patients [31]. The percentage of peripheral blood plasma blasts also directly
correlated to disease relapses. Interestingly, in vitro experiments suggest that IL-6 promotes
the production of AQP4 antibody from these peripheral blood plasma blasts, as well as their
survival. Remarkably, OCBs within the CSF are only detectable in approximately 30% of
patients with NMO [32].

The pathogenicity of NMO-IgG has been clearly demonstrated in animal models [33],[34],
[35]. AQP4 plays an important role in the transportation of water across the cell membrane
of numerous cell types. Within the CNS, it is highly expressed in the foot processes of
astrocytes [36],[37]. There are two isoforms of hAQP4: M1 and the shorter M23 isoform,
which lacks the first 22 amino acids but is otherwise identical in sequence [38].

All NMO lesions, regardless of age, disease stage, and disease activity show extensive loss
of AQP4 immunoreactivity, which is seen in MS lesions [39],[40],[41]. Interesting, early
NMO lesions reveal preserved myelin despite a prominent loss of the astrocytes, which
suggests the astrocyte as an early cellular target of an immunological attack [42].
Perivascular IgM, 1gG, and C9neo depositions are abundantly present, and immune cell
infiltrate, composed primarily of neutrophils, eosinophils, and macrophages are detectable
[43]. CD3* and CD8* T-cells and natural Killer cells are somewhat less prevalent [44].

It is currently not entirely clear how seronegative and seropositive NMO patients differ. A
recent retrospective study of 175 Caucasian patients determined that seropositive patients
are predominantly female, more often have signs of co-existing autoimmunity, and
experience more severe clinical attacks. Seropositive patients and seronegative patients did
not differ significantly with regard to age at onset, time to relapse, annualized relapse rates,
outcome from relapse (complete, partial, no recovery), annualized EDSS increase, mortality
rate, supratentorial brain lesions, brainstem lesions, history of carcinoma, frequency of
preceding infections, oligoclonal bands, or CSF pleocytosis [45].

Interestingly, some patients with NMO who are NMO-Ig negative are seropositive for anti-
myelin oligodendrocyte glycoprotein (MOG) antibodies. Sato et al recently showed that
7.4% of patients within a cohort of 215 individuals were positive for MOG antibodies [46].
No patients were positive for antibodies against both molecular targets. Furthermore,
compared with NMO-1g-positive patients or patients who were seronegative for either
antibody in this study, patients with MOG antibodies showed a male preponderance,
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presented with optic neuritis more frequently than with transverse myelitis, more frequently
had bilateral simultaneous optic neuritis, more often had monophasic disease, and better
clinical recovery. Kitley and colleagues reported similar observations in an independent
cohort of 29 patients [47].

B cell specific therapies in CNS autoimmune disorders

Perhaps the best evidence to date supporting a role for B-cell involvement in MS
pathogenesis comes from clinical trials with rituximab in MS. Rituximab is a chimeric 1gG1
monoclonal antibody (mAb) that targets the B-lymphocyte surface antigen CD20 [48].
CD20 is a transmembrane protein involved in B cell activation, differentiation, and calcium
transport. It is generally thought that rituximab depletes B lymphocytes via antibody-
dependent cell mediated cytotoxicity (ADCC) and complement-dependent cytolysis (CDC).
Interestingly, a more recent study by Montalvao and coworkers suggested Ab-dependent
cellular phagocytosis of Kupffer cells in the liver as the main mechanism for B cell
depletion [49].

Similar results were recently shown with ocrelizumab, a humanized recombinant anti-CD20
mAb [50]. In contrast to rituximab, a chimeric antibody, ocrelizumab is a humanized 1gG1
mADb [51]. Thus, its immunogenicity is decreased. Also, its efficacy appears to be mediated
primarily by ADCC rather than CDC [52]. A phase |1, randomized, placebo-controlled,
multicenter trial in patients with RRMS tested low dose ocrelizumab (600mg) on day 1 and
15, high dose ocrelizumab (2000mg) on day 1 and 15 or interferon beta (IFNB)-1a once a
week versus placebo [50]. At week 24 of therapy, the number of gadolinium-enhancing
lesions was decreased by 89 % in the low dose and by 96 % in the high dose ocrelizumab
group. Both groups significantly outperformed IFNB-1a. The annualized relapse rate was
significantly lower in both ocrelizumab treatment groups than in the placebo or IFNB-1a
groups]. There were no detectable gadolinium-enhancing lesions in either ocrelizumab
group at week 96.

Ofatumumab is a fully human IgG1 anti-CD20 mAb [51]. It appears to deplete B cells
primarily through CDC. Ofatumumab appears to dissociate from CD20 at a slower rate than
rituximab, and binds an additional antigenic determinant [53]. In a phase Il trial that enrolled
38 RRMS patients, participants received two doses of either 200 mg, 300 mg, or 700 mg
ofatumumab, or placebo. After 24 weeks, there was a significant reduction of gadolinium-
enhancing lesions on MRI in the treatment groups [54].

However, not all B cell-modulating therapies investigated in patients with MS showed the
desired treatment effect. A phase Il trial with atacicept, a recombinant fusion protein
targeted to block the activity of BLyS and APRIL, TNF family cytokines that promote B

cell proliferation, maturation and survival, was terminated early when patients in the
treatment group showed increased disease activity as compared to placebo [55],[56].
Atacicept's failure may be explained by the differing requirements for BLyS and APRIL
amongst the various B cell subtypes. Marginal zone B cells and innate-like B1 B cells highly
express the APRIL receptor transmembrane activator and calcium-modulator and cytophilin
ligand interactor (TACI) due to their higher requirement for APRIL during immune

Acta Neuropathol. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stive et al.

Page 7

responses. Marginal zone B cells have been suggested to have a regulatory-like function,
and they express high levels of IL-10. Regulatory B cells appear to be positioned between
marginal zone B cells and B1 B cells based on their surface markers, IL-10 secretion, and
increased localization to the peritoneal cavity. Although there is no evidence to suggest
absolute requirements for APRIL or BLyS by regulatory B cells, it is likely that a reduced
availability of BLyS and APRIL due to atacicept may negatively impact them. As atacicept
impairs memory B cells the least of all subgroups, it could also be hypothesized that
atacicept blocks the ability of regulatory B cells to control autoreactive memory B cells that
may serve as potent APC to T cells. All major B cell phenotypes are described in Table 1.

The presence of hAQP4 as a potential autoantigen that triggers the secretion of NMO-IgG
by plasma cells provides a rationale for immunotherapy in patients with NMO. NMO-IgG
has been clearly demonstrated to be pathogenic, and not an epiphenomenon [34],[35],[57].
The mainstay of treatment of acute exacerbations centers on high dose steroids and plasma
exchange. Interestingly, immunomodulatory drugs approved for treatment of MS have not
shown benefit in patients with NMO and may actually be detrimental, including interferon
beta [58] and natalizumab [59]. In contrast, immunosuppressive regimens have been shown
to be efficacious. Currently accepted treatment regimens for NMO in the US include
azathioprine plus prednisone, mycophenolate +/- prednisone, and the anti-CD20 monoclonal
antibody, rituximab.

The rationale for utilizing rituximab as a pharmacotherapy in patients with NMO was
initially derived from histopathological evaluations of biopsy and autopsy material, where
IgM and IgG deposition were abundantly present [43]. To date, no class I evidence from
placebo controlled treatment trials support the use of rituximab or other B cell depleting
agents in patients with NMO. Data from relatively small, uncontrolled retrospective, and
prospective studies show that rituximab appears to have a substantial effect on the relapse
rates in NMO, which has been used as a clinical outcome [60],[61],[62],[63]. In these
studies, rituximab therapy resulted in a substantial reduction in the annualized relapse rate.
However, the treatment response is heterogeneous in that a subset of patients continues to
have frequent and severe relapses, possibly due to the inability of rituximab to target
pathogenic CD20" plasma blasts and plasma cells within the tissues, as has been seen in
primary immune thrombocytopenia (ITP) rituximab treated patients [31],[64]. A second
possible reason for treatment failures with rituximab may be due to distinct cytokine
networks within patients. IL-10 is typically viewed as an important regulatory cytokine, in
regards to autoimmunity, due to its ability to modulate inflammatory T cell and B cell
responses. Plasma cells have recently been described as high producers of IL-10 [65],[1].
This would, initially, make rituximab seem like an ideal choice for therapy as it would allow
for the potentially regulatory I1L-10 secreted from plasma cells to modulate autoreactive
effector T cells without interference from autoreactive, pro-inflammatory memory B cells.
However, it has been shown in vitro that IL-10 induces B cell differentiation to
CD20"CD38* plasma cells [66]. This suggests that rituximab's failure in some NMO patients
may be a result of incomplete depletion of B cells combined with plasma cells furthering the
disease process by increasing the development of long-lived, anti-AQP4, plasma cells. This
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is supported by Uzawa et al finding of increased levels of IL-10 within the CSF of NMO
patients [67].

It is currently incompletely understood what factors separate responders and non-responders
to rituximab. However, some observations have been made that may guide the design of
future clinical studies: (1) A partial repopulation with CD19%20* B cells prior to the next
rituximab dose appears to create a window of vulnerability. Approximately one-third of
treatment failures in rituximab trials occur immediately prior to a scheduled rituximab
infusion. The absolute number of CD19*20" B cells in peripheral blood or CSF was not
determined in the above mentioned studies. However, Greenberg et al. recently
demonstrated that low doses of rituximab showed a high rate of early B-cell repopulation
and clinical disease activity [68]. (2) The absolute number of CD27* memory B cells in
peripheral blood may be a better biological marker to monitor NMO disease activity than
absolute CD19%20* B cell numbers [63]. A recent study of 30 NMO patients on rituximab
therapy found that treatment failures occurred in all 4 patients who did not achieve
suppression of CD27 counts (below 0.05%) with rituximab, while only 2 treatment failures
occurred among 26 patients in whom CD27 cells were adequately suppressed [63]. (3)
Rituximab therapy leads to an increased expression of B-cell activating factor (BAFF), a
potent inducer of antibody production by plasma cells. Nakashima et al. showed that
approximately half of NMO patients who received rituximab in the context of a prospective
study developed a transient increase in the NMO-IgG titer within 2 weeks of rituximab
infusion that correlated with increased BAFF levels [69]. Treatment failures with rituximab
in the above mentioned trials have disproportionately occurred within the first 3 weeks of
rituximab therapy.

Anti-CD20 therapy is potentially immunosuppressive. The U.S. Food and Drug
Administration (FDA) recently approved changes to the prescribing information of
ofatumumab and rituximab to add new Boxed Warning information about the risk of
reactivation of hepatitis B virus (HBV) infection [70]. The FDA also issued a warning that
two patients have died after being treated with rituximab for systemic lupus erythematosus
(SLE) [71]. While these patients had previously been treated with immunosuppressant
agents and glucocorticosteroids, these observations strongly suggest that depletion of CD20*
cells has potential immunosuppressive effects in recipients.

CD 19 as a molecular target in CNS autoimmunity

Antibody producing plasma cells are the source of protective, highly target specific
antibodies, but also might be the key players in antibody-mediated chronic autoimmune
diseases. One potential concern with anti-CD20 immunotherapies is the expression profile
of CD20 on human B cells. CD20 can be detected on large pre-B cells, small pre-B cells,
immature B cells, naive B cells, and mature B cells [72],[73],[74],[75],[76] (Figure 2). Thus,
the main biological rationale for anti-CD20 interventions is the depletion of the vast
majority of cells belonging to the B cell lineage, and to prevent the de novo generation of
plasma cells from their precursors. While this appears to be a viable approach, specifically
with long-term anti-CD20 therapy, memory B cells that are already situated within target
tissues are less affected. Thus, autoimmune events that were already initiated prior to
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treatment may perpetuate. One potential advantage of this approach is that B cell-mediated
immunological memory is not lost, providing one mechanism of host defense against
pathogens.

The CD19 antigen is a type | transmembrane glycoprotein that belongs to the
immunoglobulin Ig superfamily. It is expressed throughout B-cell development, including
early pro-B cells and late pro-B cells, as well as in memory B cells, plasmablasts, and a
proportion of plasma cells [77],[78],[79,80] (Figure 2). The overall expression increases
approximately threefold as B cells mature. In terminally differentiated plasma cells, CD19
can no longer be detected [81] (Figure 2).

During lymphopoiesis, B-cell development and differentiation is influenced by CD19
through modulation of B-cell receptor signaling. It appears to be a crucial component in
establishing optimal immune responses by modulating antigen-independent B cell
development, and immunoglobulin-induced B cell activation. CD19-deficiency in humans
and mice leads to an overall impaired humoral response with increased susceptibility to
infection [80],[82],[83]. In contrast, overexpression of a human (h)CD19 transgene by its
endogenous promoter [84],[85], which recapitulates the developmental pattern of hCD19
surface expression, results in autoimmune disease in the tight skin (TSK/*) mouse, an
animal model for human systemic sclerosis (SSc) [86]. In these mice, chronic B cell
activation through enhanced CD19-mediated signaling led to skin sclerosis possibly through
IL-6 overexpression as well as auto-antibodies.

The hCD19 transgenic mouse model has also been utilized to evaluate CD19-directed
immunotherapies. Two weeks after a single injection of anti-CD19 mAb, serum IgM, 1gG,
and IgA Ab levels were significantly decreased [87]. This effect was sustained for a
minimum of 10 weeks. In addition, anti-CD19 therapy decreased autoantibody production in
hCD19TG mice.

As such, due to the differential expression of surface markers during B cell maturation,
targeting CD19 instead of CD20 in autoimmune diseases might more dramatically affect
antibody-secreting plasma cells in the bone marrow [88]. Protective, as well as potentially
pathogenic immunoglobulin levels appeared to be only mildly affected by anti-CD20
therapeutics [89],[90],[91]. In contrast, anti-CD19 therapeutics possibly could allow
resetting of the immune repertoire of antibody-secreting plasma cells. Hence, therapeutic
long-term efficacy of anti-CD19 drugs could possibly exceed the efficacy of anti-CD20
antibodies in NMO, where NMO-Ig is pathogenic. This may also be true in MS.

While the above data provide solid evidence for a potential role of CD19-directed agents in
the treatment of human CNS autoimmune disorders, there are other observations that give
reason for caution. Blair and colleagues recently described a subset of human
CD19*CD24"CcD38N regulatory B cells [92]. These cells were capable of suppressing Th 1
cell differentiation in vitro. CD138M9" plasma cells have been shown to express high levels
of the cytokines IL-35 and IL-10, which aids in tissue repair as well as in suppressing T and
B cell memory responses in vivo [1]. A depletion of all B cells might disrupt B cell
homeostasis towards autoimmunity in some individuals in some settings.

Acta Neuropathol. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stiive et al. Page 10

Anti-CD19 therapies

Several recombinant CD19 mAbs are currently being developed for clinical trials. The most
advanced compound is MEDI-551, an affinity-optimized and afucosylated humanized IgG1
kappa anti-CD19 mAb. Its effect on B cell depletion is primarily mediated by ADCC [93].
The mechanism of depletion requires the presence of FcyRINIA-bearing effector cells,
including natural killer cells, neutrophil polymorphonuclear cells, monocytes, and
macrophages. The absence of fucose from MEDI-551 results in a 10-fold enhanced affinity
of the mAb to FcyR I11A (CD16), and enhanced ADCC effector function. Reduced cell
surface dissociation and antigen internalization was observed with MEDI-551 as compared
to the anti-CD20 mADb rituximab. MEDI-551 demonstrated a robust ADCC activity against
B-cell leukemia and lymphoma cell lines in vitro, as well as against chronic lymphocytic
leukemia (CLL), and acute lymphoblastic leukemia (ALL) samples.

The safety pharmacokinetics, immunogenicity, and clinical activity of MEDI-551 in patients
with B-cell malignancies, including diffuse large B cell lymphoma (DLBCL), CLL,
follicular lymphoma (FL), or multiple myeloma (MM) was recently evaluated in a phase 1/2
study [94]. A total of 25 subjects were enrolled. Study participants received MEDI-551
monotherapy at doses of 0.5, 1.0, 2.0, 4.0, 8.0, or 12.0 mg/kg in 28-day cycles using
standard 3+3 dose escalation. Results from prior pharmacokinetic studies suggested
maximal saturation of CD19 sites at the 12-mg/kg dose. Dose escalation continued until one
of the following doses was reached: (1) The maximum tolerated dose (MTD) (if < 12 mg/
kg), (2) the 12 mg/kg maximum dose, or the optimal biological dose (OBD) as defined by a
composite of safety, pharmacokinetic, pharmacodynamic, and efficacy data. In the event that
a MTD was not reached and an OBD was not determined, the protocol allowed for
expansion using the highest dose investigated with a pre-defined acceptable risk-benefit
profile. Therapy with MEDI-551 was continued until patients achieved a complete response,
sustained toxicity, or progression of disease. Subjects with a complete response were
permitted 2 additional cycles of MEDI-551 therapy. Patient safety was assessed through 60
days after the last dosing. Responses were assessed using the following criteria: FL and
DLBCL: Revised Response Criteria for Malignant Lymphoma update to the International
Working Group (IWG) response criteria [95]; CLL: National Cancer Institute—IWG criteria
[96]; MM: International Multiple Myeloma Working Group criteria [97]. Immunogenicity
against MEDI-551 was assessed on day 1 of each cycle, at the end of therapy, at 30 days and
at 60 days post-therapy, and every 3 months thereafter until B cell reconstitution occurred.

An MTD of MEDI-551 was not reached in this trial, and an OBD was not identified.
Consequently, in the absence of an MTD or an OBD, the study was expanded using the
highest investigated dose (12 mg/kg). As of April 2012, a total of 59 patients were enrolled
and received =1 dose of MEDI-551. During the dose-escalation phase of the trial, the MTD
of MEDI-551 was not reached.

Although this trial was not designed to determine efficacy, antitumor activity of MEDI-551
is suggested by the responses achieved across all dose levels: Objective response rate
26.5%; complete remission 8.8%; partial remission 17.6%; and disease control rate 76.5%.
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The majority of treatment-related adverse events was grade 1 or 2 in severity, and included 7
infusion reactions that resolved with appropriate medical interventions. A total of 24
subjects discontinued treatment: 2 due to adverse events (1 grade 2 infusion reaction, 1
grade 2 decreased neutrophil count) and 17 had progressive disease. Six study participants
experienced reversible >grade 3 treatment-related toxicities, including infusion reaction (in 1
subject), thrombocytopenia, increased blood triglycerides, hyponatremia, and grade 4
neutropenia in 2 patients. Four deaths occurred: 1 due to pneumonia, 1 due to subarachnoid
hemorrhage, and 2 due to general physical health deterioration. None of the deaths were
considered related to MEDI-551 treatment. No evidence of immunogenicity was observed.

Study MI-CP200 is a Phase I, randomized, double-blind, placebo-controlled clinical trial
that was developed to evaluate the safety and tolerability of escalating single intravenous
doses of MEDI-551 in 28 adult patients with systemic sclerosis (SSc) [98]. Participants were
required to have at least moderate skin thickening in an area suitable for repeat biopsy.
Compared to baseline, there was a significant, durable, and dose-dependent depletion of B
cells in peripheral blood.

Animal models were utilized to study the pharmacodynamic properties of MEDI-551 in
CNS autoimmunity. SLE1 x hCD19 Tg mice (H-2s) spontaneously produce autoreactive
Abs as they age. In these mice, MEDI-551 rapidly and effectively depletes B cells in the
blood, and bone marrow [98]. Splenic germinal center B cells are also susceptible to
MEDI-551 depletion. After B cell depletion with MEDI-551, total IgM and IgG titers
decreased significantly. Also, autoimmune antibodies in serum, including anti-nuclear (IgG),
anti-histone (IgG), anti-double stranded DNA (IgM and IgG), and anti-single stranded DNA
(1gG and IgM) were significantly reduced. It was also observed that the ability of MEDI-551
to decrease the number of antibody-secreting cells is greater in the spleen than in bone
marrow. This might be due to the higher prevalence of terminally differentiated CD19"
plasma cells in bone marrow. Another possible explanation is the requirement of MEDI-551
for FcyRINIA-bearing effector cells, including natural killer cells, neutrophil
polymorphonuclear cells, monocytes, and macrophages to fully deplete CD19-bearing cells.
Thus, the decreased depletion in the bone marrow that was observed could be the result of a
relatively low prevalence of FcyRINIA-expressing effector cells to mediate ADCC.

To identify potential cellular targets of MEDI-551, the expression of CD19 and CD20 on
plasma cells from human tissues was assessed by flow cytometry [98]. Plasma blasts and
early plasma cells in human blood, tonsil, spleen, and bone marrow were found to be
CD19*CD20". Given that plasma blasts make up over 30% of the CSF B cell compartment
in MS patients, and appear to play an important role in MS pathogenesis, the broader
expression of CD19 as a molecular target for cell-depleting therapies may be considered
advantageous [99].

To determine the feasibility of parallel or sequential combination therapy involving
MEDI-551 in patients with MS, one experiment was designed to rule out antagonizing
effects between FDA-approved agents or commonly utilized agents and MEDI-551. The
ability of MEDI-551 monotherapy to mediate ADCC of B cells was compared to
combination therapy with glatiramer acetate, interferon beta, or prednisolone. None of the
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aforementioned drugs affected the ability of MEDI-551 to deplete B cells. MEDI-551 is
currently being tested in Phase 1 clinical trial in RRMS patients [100]. Other anti-CD19
compounds are the aforementioned humanized mouse anti-hCD19 mAb [84], an Fc-
engineered, affinity-matured humanized anti-hnCD19 mAb that possesses increased FcyR
binding avidity, improved ADCC, and which is currently being tested in chronic
lymphocytic leukemia (CLL) [101], as well as MDX-1342, a fully humanized recombinant
mMAB that resulted in substantial B-cell reduction after a single-dose (10 or 30 mg) in
patients with rheumatoid arthritis (RA) [80].

In summary, CD19 has been identified as a putative molecular target in human disease.
Early clinical data on pharmacodynamics and pharmacokinetic properties of therapeutic
mADb are currently gathered and show that this treatment approach might provide and
acceptable benefit-risk ratio in human patients.

Weighing potential risks against potential benefits

The role of B cells in MS pathogenesis, the efficacy of anti-CD20 therapies in MS and
NMO, and the cellular distribution of CD19 on cells of the B cell lineage provide
compelling arguments for CD19-directed therapeutics in CNS autoimmunity. Ultimately,
clinical trials will determine whether these agents will provide substantial advantages over
approved therapies, and which patient population will be the ideal recipients. As with any
intervention, patient safety is the primary concern, and there are currently insufficient data
points and certainly no long term safety assessments to fully understand the implications of
long-term CD19-mediated cell depletion. Some of the potential concerns are [88]:

« Targeting CD19* B lymphocytes and plasma cells may result in a biologically
meaningful weakening of protective adaptive humoral immune responses and host
defense. This may include, but not be restricted to, immune surveillance of the
CNS.

e Acquired adaptive immunity through vaccinations may be impaired or lost. There
may be a requirement for revaccination, at least in some individuals.

»  Asstated above, it is currently no known to what extend anti-CD19 therapies affect
effector cells and regulatory cells. While it appears that there are beneficial
treatment effects during cell depletion in autoimmunity, it is not known how
different cell types will reconstitute after cessation of therapy. Also, compartmental
effects of anti-CD19 mAbs are not fully understood. Thus, there remain conceptual
concerns that inflammation could be exacerbated in some patients.

»  There are concerns about the potential effects of long-term immunosuppression
after anti-CD19 therapy on increased opportunistic infections and neoplastic
growth.

In summary, it appears feasible to have any clinical development of CD19-directed
pharmacotherapy accompanied by a pharmacovigilance program that assesses the risk of
infections, malignancies, and T cell-dependent and independent vaccine responses. Also,
from currently available data it appears feasible - after proof of efficacy and safety in
ongoing and future clinical trial - to utilize anti-CD19 therapies as a treatment induction;
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Patients with very active disease could receive CD19-depleting interventions early after
failing less aggressive interventions, and for a limited time to reset an aberrant immune
response against CNS autoantigens. Then, patients could be maintained on
immunomodulatory, relatively safe agents.

The development of CD19-directed therapies for MS and NMO is exciting. It will offer a
more aggressive approach against cells of the B cell lineage than agents that are currently in
phase 111 clinical trial programs. There is no question that these agents have the potential to
teach us about the pathogenesis of MS and NMO. Hopefully, neurologists will also learn
who amongst their patients would benefit from anti-CD19 therapies: Patients with early
disease, patients who do not respond to more T cell-directed interventions, or perhaps even
patients with progressive disease phenotypes for whom treatment options are currently
limited? Also, how will CD 19-directed therapies compare in efficacy and safety against
currently approved drugs and agents that are further along in clinical development? How
long will patients need to be treated? As stated above, there are safety concerns regarding
long term immunosuppression. However, depletion of CD19* cells as a monotherapeutic
approach, but more likely in combination with other immunoactive agents, might potentially
establish immunological tolerance in individuals afflicted with CNS autoimmunity.

There is a long, intriguing road ahead in the development of CD19-directed therapies.
Clinical studies will have to be accompanied by thorough assessments of immunological
events, other disease biomarkers, and a rigorous pharmacovigilance program.
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Figure 1. The triple role of B lymphocytes — Antigen presentation, cytokine expression, and
antibody secretion

B lymphocytes are capable of presenting antigen to T cells. They recognize pathogens via
the B cell receptor (BCR), and then endocytose the antibody-fixed antigen. Like dendritic
cells, B cells constitutively express MHC class Il molecules. Upon antigen engagement via
the BCR, B cells initiate the expression of various cytokines, including interleukin (IL)-6,
IL-10, and tumor necrosis factor alpha (TNFa). These cytokines affect CD4™ T cell
activation and differentiation. CD4* T cells, once activated and differentiated into a specific
T helper (Th) cell phenotype, cross-activate B cells via cytokines and co-stimulatory
molecules, including cluster of differentiation (CD)40-CD40 ligand and CD80/CD86-CD28.
In addition, the class switch from immunoglobulin (lg) M to 1gG requires CD4* T cell help
via cytokines and co-stimulation.
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Figure 2. B lymphocyte compartmentalization, development, and differentiation
In adult mammals, B lymphocytes common lymphocytes progenitors (CLP) originate in the

bone marrow, where they develop into Pro-B cells, Pre-B cells, and immature B cells. As
part of their life cycle, immature B cells that possess a mature B cell receptor (BCR) and
chemokine receptors, egress from the bone marrow into lymphatic vessels. Once within the
afferent lymphatics, these cells by definition are considered mature naive B cells. In the
lymph node, there a very heterogeneous groups of B lymphocytes, including marginal zone
B cells, B1 cells, B regulatory cells, transitional B cells, mature B cells, memory B cells, as
well as short-lived plasma cells, and plasmablasts. The CD19 antigen is a type |
transmembrane glycoprotein that belongs to the immunoglobulin 1g superfamily. It is
expressed throughout B-cell development, including early pro-B cells and late pro-B cells,
as well as in memory B cells, plasmablasts, and a proportion of plasma cells. The overall
expression increases approximately threefold as B cells mature. In terminally differentiated
plasma cells, which are highly prevalent in the bone marrow, CD19 can no longer be
detected.
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B cell phenotypes by surface markers, primary anatomical locations, and biological functions.
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