NEUROLOGICAL PROGRESS

B Lineage Cells in the Inflammatory Central
Nervous System Environment: Migration,
Maintenance, Local Antibody Production,

and Therapeutic Modulation

Edgar Meinl, MD,!? Markus Krumbholz, MD,"? and Reinhard Hohlfeld, MD!*?

B cells have long played an enigmatic role in the scenario of multiple sclerosis pathogenesis. This review summarizes
recent progress in our understanding of B-cell trafficking, survival, and differentiation in the central nervous system
(CNS). We propose four possible routes of intrathecal immunoglobulin-producing cells. The inflammatory CNS provides
a unique, B-cell-friendly environment, in which B lineage cells, notably long-lived plasma cells, can survive for many
years, perhaps even for a lifetime. These new findings offer a plausible explanation for the notorious persistence and
stability of cerebrospinal fluid oligoclonal bands. Furthermore, we highlight similarities and differences of intrathecal
immunoglobulin production in multiple sclerosis patients and patients with other CNS inflammatory conditions. Finally,
we outline the possibly double-edged effects of B cells and immunoglobulin in the CNS and discuss various therapeutic

strategies for targeting the B-cell response.
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For decades, oligoclonal bands (OCBs) have been rec-
ognized to be a key immunopathological feature of
muldple sclerosis (MS) and other neuroinflammatory
diseases. Now, much additional evidence allows us to
also assign an important role to B lymphocytes in the
pathogenesis of MS (Table 1). (For a discussion of
antigen-specific (auto) antibodies in MS, see reviews by
Archelos and Hartung1 and Sospedra and Martin.?) In
this article, we focus on recent findings on the mech-
anisms of migration, survival, proliferation, and differ-
entiation of B cells in the central nervous system
(CNS). We propose four possible origins of intrathecal
immunoglobulin (Ig)-producing cells and consider
properties of the inflamed CNS that create a milieu
fostering the long-term survival of B cells and Ig-
producing plasma cells.

Basics of B-Cell Biology Relating

to Neuroinflammation

The first steps of B-cell maturation from hematopoietic
stem cells to pro- and pre-B cells occur in the bone mar-
row (Fig 1). From there, naive immature B cells (surface
I[gMIgD ™) migrate to secondary lymphatic organs

(mainly the spleen) and develop into mature naive B
cells (surface IgM'™“IgD™"). Various checkpoints have
to be passed during the multiple steps of B-cell develop-
ment. Different mechanisms (clonal deletion, receptor
editing) are used to implement a certain level of B-cell
tolerance (see Jacobi and Diamond® for a recent review
of this topic). When naive B cells “see” their antigen in
the secondary lymphoid tssue in an appropriate envi-
ronment, which includes T cells and dendritic cells, they
become activated and proliferate. Some of these antigen-
activated B cells develop outside of lymph follicles to
become short-lived plasmablasts; others further differen-
tiate in germinal centers (GCs) (see Fig 1). GCs are spe-
cialized areas in lymph follicles where B cells undergo
rounds of proliferation (as centroblasts) accompanied by
somatic hypermutation. Somatic hypermutation is a
unique mutation mechanism that is targeted to the vari-
able regions of rearranged Ig gene segments. Combined
with selection for B cells that produce high-affinity Igs,
somatic hypermutation leads to affinity maturation of B
cells in the GCs.* This affinity maturation may continue
after the GC reaction.” B cells found in the CNS during
inflammation typically have gone through somatic hy-

From the 'Department of Neuroimmunology, Max-Planck-Institute
of Neurobiology, Martinsried; and *Institute for Clinical Neuroim-
munology, Ludwig-Maximilians-University, Munich, Germany.
Received Feb 28, 2006, and in revised form Apr 3. Accepted for
publication Apr 3, 2006.

Published online May 22, 2006 in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/ana.20890

880 © 2006 American Neurological Association

Address correspondence to Dr Meinl, Department of Neuroimmu-
nology, Max-Planck-Institute of Neurobiology, Am Klopferspitz 18,
D-82152 Martinsried, Germany. E-mail: meinl@neuro.mpg.de

Published by Wiley-Liss, Inc., through Wiley Subscription Services



Table 1. Evidence Supporting a Role of B Cells in Multiple Sclerosis

® Intrathecal immunoglobulin (Ig) production with oligoclonal bands (OCBs)****7® and polyspecific B-cell

response74,75,77»81

® Somatic hypermutation and dominant clonotypes indicate clonal expansion and antigen-driven affinity maturation of B

cells and antibody-secreting cells®?!"3#34

® Ig-decorated myelin in a subset of multiple sclerosis (MS) patients’®; myelin basic protein® and MOG-specific Ig”*?* de-

tected in brain tssue of MS patients
® Plasmapheresis is beneficial in a subset of MS patients'®'

® Clinical progression correlates with B cell/monocyte ratio in the cerebrospinal fluid (CSF

)38, number and volume of

gadolinium-enhanced lesions correlate with the number of plasmablasts in the CSF’; intrathecal IgM linked to disease

s 119,12
progression''>'*°

® Promising preliminary therapeutic effects of B-cell depletion with anti-CD20 in MS patients and Devic’s disease

111,121

MOG = myelin oligodendrocyte glycoprotein.

permutation, indicating they have participated in a
GC reaction.®™"" In the GC (mainly at the centrocyte
stage), lg class switching occurs, for example, from
IgM to IgG. The centrocyte can develop into a mem-
ory B cell or into an antibody-secreting cell (ASC)
(see Fig 1 and Table 2 for phenotype of these cells).
ASCs include “plasmablasts,” an early, still proliferat-
ing stage of differentiation of an activated B cell, and
“plasma cells,” which represent the nonproliferating
end stage. Plasma cells can be short or long lived.*'?
During a primary response to an antigen, the gener-
ation of IgG-producing ASCs from naive B cells typ-

ically requires a GC reaction. Memory B cells have a
much lower threshold for activation than naive B
cells. Memory B cells rapidly differentiate into ASC
after antigen recognition largely outside of GCs'? and
in the presence of sufficient T-cell help, even inde-
pendently of lymphoid organs.'® Virus-specific mem-
ory B cells can differentiate even in the absence of
T-cell help to ASCs outside of GCs."” The differen-
tiation of memory B cells into ASCs also can occur
independently of the antigen in a “bystander reac-
tion.”"® This is enhanced by engagement of toll-like
receptors on the B cells.'"” ASCs translocate from sec-
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Fig 1. Four possible pathways to immunoglobulin production in the central nervous system (CNS). B-cell development starts in the
bone marrow and is continued in secondary lymphatic organs (eg, spleen), where mature naive B cells differentiate in an antigen-
driven germinal center reaction to memory B cells and plasmablasts, both of which appear in the circulation. The plasmablasts in
the blood can enter the bone marrow, bur may also enter the inflamed CNS (track 1). Memory B cells, which have entered the
CNS, can differentiate into antibody-secreting cells inside the CNS in response to antigen outside of follicles (track 2) or in follicle-
like aggregates in the meninges (track 3). Finally, memory B cells can differentiate to plasmablasts in a bystander reaction (track 4).
Those plasmablasts that find appropriate survival conditions (see Fig 2) develop to long-lived plasma cells that cause oligoclonal
bands.
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Table 2. Features of B Lineage Cells Potentially Involved in Inflammatory Central Nervous System Diseases

Mature Naive B Cell Memory B Cell Plasmablast Plasma Cell

Surface markers allowing subset

differentiation

CD19 + + + +/—

CD20 (from pre-B cell stage on) + + - -

CD27 — + ++ ++

CD138 — — + +
Adhesion molecule

oyB, integrin® + + ++ ++
Functions

Ig secretion - - + +

Surface Ig + + +/— —

Proliferative capacity + + + —

Antigen presentatlon + + + -
Survival mediated via BAFF® + + + +

B lineage cells have many additional adhesion molecules, which are involved in tissue-specific recruitment.

Eotentlal relevance for multiple sclerosis therapy.

420 o B, is singled out due o its

Plasma cell survival is mediated via the receptor BCMA (B-cell maturation antigen), which is targeted by both B-cell-activating factor of the
tumor necrosis factor family (BAFF) and APRIL. The survival of B cells is mediated via BAFF-R, which is bound by BAFF, but not by APRIL

(a proliferation-inducing ligand).*

Ig = immunoglobulin.

ondary lymphoid tissue via the bloodstream to the
bone marrow and also to inflamed tissues.'*'®

Ig production, for example, against a certain pathogen
(or an autoantigen), can be maintained by three nonmu-
tually exclusive ways (Table 3). First, chronic antigen ac-
tivation induces continuous differentiation of memory B
cells into ASC and Ig production.* Second, human
memory B lymphocytes proliferate and differentiate into
ASCs in response to polyclonal stimuli, such as by-
stander T-cell help. An ongoing polyclonal activation of
memory B cells was suggested as a means to maintain
serological memory for a human lifetime.'® Third, Ig
production is provided by long-term plasma cells resid-
ing in the bone marrow and possibly at sites of chronic
inflammation.'? The ability of plasma cells to survive for
many years is an important feature of the humoral im-
mune response. These long-lived plasma cells produce
Igs in the absence of antigen and DNA synthesis.'* The
survival of plasma cells depends on the environment. A
synergistic effect of cytokines and adhesion-dependent
signals mediates plasma cell survival.*'*'> CXCL12/
SDF-1, interleukin-6 (IL-6), tumor necrosis factor-o
(TNF-a), ligation of CD44," engagement of o,f3; in-
tegrin,® and the B-cell-activating factor of the TNF
family (BAFF)/APRIL receptor BCMA®® mediate
plasma cell survival. Many of these mediators are found
in the inflamed CNS (Fig 2; see also later in this article).

The migration of lymphoid cells to secondary lym-

phoid tissue is largely regulated by certain chemokines
(CXCL12/SDF-1, CXCL13/BCA-1, CCL19/MIP38,
and CCL21/SLC). These chemokines are frequently
called homeostatic or lymphoid chemokines, because
they are essential for the development and maintenance
of lymphoid tssue. They are distinguished from in-
flammatory chemokines, which direct immune cells to
sites of inflammation. Recent evidence indicates that
these homeostatic chemokines participate in the regu-
lation of neuroinflammation®!™> (see later for details).

The migration of ASCs is mediated via chemokines
and adhesion molecules in an isotype-specific way.
This ensures that IgG-positive ASCs migrate to the
sites of inflammation, IgA-positive ASCs to mucosal
surfaces, and both to the bone marrow.”® The ASCs
that emigrate from secondary lymphatic tissue have lost
their responsiveness to most of the homeostatic chemo-
kines, but retain the chemokine receptors CXCR4 and
CXCR3.”

B Lineage Cells in the Central Nervous System

Low numbers of B lymphocytes enter all parts of the
normal human brain.?® B cells and plasma cells have
long been considered a numerically minor component
of MS lesions (Fig 3).>>*° The relative proportion of
Ig-producing cells, however, is significantly increased in
late chronic MS lesions®”: The ratio of T cells/Ig-
containing cells was 190:1 in early MS lesions, it was

Table 3. Three Principles (Not Mutually Exclusive) of Persistent Immunoglobulin Production against Pathogens or Autoantigens

® Continuous activation of memory B cells by antigen (Ag) and generation of short-lived plasmablasts

® Persistence and 1mmun0globuhn secretion of long-lived plasma cells in the bone marrow and at sites of inflammation”

72

® Bystander activation of memory B cells in the absence of Ag and generation of short-lived plasmablasts'®
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Fig 2. Plasma cell-surface phenotype and ligands in multiple sclerosis (MS) lesions. Central nervous system (CNS) resident cells
(mainly astrocytes and microglia) produce mediators that promote the local survival of plasma cells. All of the displayed mediators
are elevated in MS lesions. The corresponding receptors on plasma cells are shown. The chemokines CXCL10 and CXCLI2 attract
plasma cells. CXCLI2 is also an important survival factor for plasma cells. The cytokines B-cell-activating factor of the tumor ne-
crosis factor family (BAFF) and interleukin-6 (IL-6) promote plasma cell survival. The vascular adbesion molecule-1 (VCAM-1) is
displayed not only on endothelial cells, but also on microglia in MS lesions and supports plasma cell survival like hyaluronan, which

is bound in the extracellular matrix.

6.6:1 in late MS lesions.” Similarly, an early study us-
ing toluidine blue and safranin staining on epoxy sec-
tions identified plasma cells in MS lesions that were
associated with chronic rather than acute tssue chang-
es.”” B lineage cells are not only found in the paren-
chyma and perivascular space (see Fig 3); follicle-like
aggregates were described in the meninges of 30 to
40% of patients with secondary progressive MS, but
not in relapsing-remitting or in primary progressive
M, 24:31

Rearranged Ig genes were examined in the cerebro-
spinal fluid (CSF) cells of patients with MS®!'!3>33
and monosymptomatic optic neuritis.>* Likewise, Ig
rearrangement was analyzed in brain specimens of pa-
tients with MS,”™” subacute sclerosing panencephalitis,
and focal encephalitis.'® These studies consistently de-
tected somatic hypermutation of the Ig genes, indicat-
ing that these B lineage cells were expanded by antigen
and had undergone a GC reaction. Dominant clono-
types indicating local B-cell proliferation were also ob-

served in the CSF of patients with clinically isolated
syndrome” and early after onset of MS.*® Single-cell
analysis of CD19" and CD138" cells in the CSF
showed clonal expansion in both populations.>*** The
significance of sequence overlap between these B lin-
eage cell populations remains to be determined.

The B-cell composition of CSF cells differs from
that of blood cells (Table 4). B cells can hardly be de-
tected in the normal CSF. In MS and other inflamma-
tory neurological diseases (OINDs), the mean percent-
age of B cells among CSF cells was about 5%. The
interindividual variability is great: 1 to 17%.°>>37>3%
The B-cell percentage in CSF is generally lower than in
blood mononuclear cells and is not linked to B-cell
number and percentage in blood.”” The highest num-
bers of B cells in the CSF were observed in patients
with neuroborreliosis.”” In contrast with B cells in
blood, most B cells in the CSF have a memory pheno-
type (CD277").?>*” A B-cell population with the phe-
notype of centroblasts (CD19", CD38Mst CD77™,
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Fig 3. B cells in an early active multiple sclerosis (MS) lesion. B cells were labeled with an anti-CD20 monoclonal antibody and
developed with diaminobenzidine that resulted in a brown color. Cell nuclei were stained blue with hematoxylin. CD20" B cells

are located in the perivascular infiltrate and in the parenchyma. (Courtesy of Prof H. Lassmann.)

Ki67", Bcl-27) was found in the CSF of MS and
OIND patients.”> Such centroblasts are typically found
in GCs in lymphatic tissue, but not in blood. The
most frequent ASCs in the CSF were identified as plas-
mablasts  (CD197CD138%)*  or plasma cells
(CD19-CD138%).*? In one study,” the kinetics of
plasmablasts were analyzed in the CSF of OIND and
MS patients. Although the plasmablasts rapidly disap-
peared in OIND patients after the antigen was cleared,
they persisted in MS patients.”” This could indicate a
continuous antigen-driven activation in the MS pa-
tients. The number of plasmablasts in the CSF corre-
lated with the amount of intrathecal Ig production and
with inflammatory parenchymal disease activity as
measured by magnetic resonance imaging.”’

Survival Factors for B Cells in the Central
Nervous System

One crucial survival factor for B lineage cells is
BAFF.>” BAFF is important for the maturation and
survival of B cells, as well as ASCs.>**° It binds to
three receptors: BCMA, TACI (Transmembrane acti-

vator and CAML interactor), and BAFF receptor
(BAFF-R).?° Two of these receptors, BCMA and
TACI, are also targeted by the BAFF-related factor
APRIL. BCMA is essential for the long-term survival
of plasma cells.”® The level of constitutive BAFF pro-
duced by stromal cells in lymphatic tissue determines
the size of the peripheral B-cell pool, whereas inducible
BAFF produced at sites of inflammation supports local
survival of B lymphocytes and can be associated with
the development of autoimmunity.”” In the CNS,
BAFF is constitutively present and produced by astro-
cytes.41 In active MS lesions, BAFF expression reaches
the same levels as in lymphatic tissue, where its critical
role in fostering B cells is performed.*' Infiltrating cells
expressing the BAFF-R are located in close vicinity to
BAFF-producing astrocytes in MS lesions.”’ BAFF
production in the CNS also has implications for the
pathogenesis of primary CNS lymphomas, which are
almost exclusively of B-cell origin.** These lymphomas
contain high levels of BAFF, and their cells abundantly
express BAFF-receptors.*! Local production of BAFE

Table 4. Features of B Lineage Cells in the Cerebrospinal Fluid in Neuroinflammation

® Opverall frequency: 1-17%; not linked to B-cell number and percentage in blood; usually lower frequency than in blood;

great interindividual variability®>***"%%; hi

ghest number in neuroborreliosis®”

® Memory phenotype: CD19"CD27" (80% in cerebrospinal fluid [CSF], 40% in blood **%7) '
® Occurrence of centroblasts (B-cell differentiation of secondary lymphatic tissues): CD19", CD38"¢", CD777, Ki67™,

Bcl-27%3%; these cells are usually absent from blood

22,51,

® Chemokine receptors: almost all B cells express CXCRS5 (as in blood)**”"; memory B cells expressing CCR1, CCR2, and
CCR4 are enriched??; CXCR3- and CCR5-positive B cells are enriched in CSF compared with blood,”! CXCR4, CCRG,

and CCR7 as in blood cells®®
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by astrocytes in the CNS might promote B-cell survival
in MS and primary CNS lymphomas.

Nerve growth factor and CXCLI2 play critical roles
in the development of the nervous system, are consti-
tutively present in the adult CNS, and contribute to B
lineage cell maintenance in the CNS. Nerve growth
factor, the prototype of the family of neurotrophins,
functions in addition as a survival factor for memory B
cells.*> CXCL12 is essential for normal cerebellar de-
velopment™ and is also an important survival factor
for long-lived plasma cells.*'*'® Tt is constitutively dis-
played on endothelial cells in the adult human CNS*?
and upregulated in both active and inactive MS le-
sions.>

The inflamed CNS provides a number of mediators
needed for the maintenance of long-lived plasma cells
(see Fig 2). CXCL12 is elevated in MS lesions®* and
synergizes with 1L-6, TNF-a, ligation of CD44, en-
gagement of a3, integrin, and the BAFF/APRIL re-
ceptor BCMA (see Fig 2; sce also earlier).*'21? In ad-
dition to the typical inflammatory mediators TNF-a*®
and IL-6,*® CXCL12,> BAFF,*' the CD44 ligand
hyaluronan,” and the a B, ligand vascular cell adhe-
sion molecule-1 (VCAM-1)*® also were abundantly de-
tected in MS lesions. This suggests that the inflamed
CNS provides the essentials to support survival of
long-lived plasma cells (see Fig 2). This is most likely
the basis for persistence of OCB in the CSF of MS
patients (see later).

B-Cell-Attracting Chemokines in the Normal

and Inflamed Central Nervous System

Although considerable progress has been made in un-
derstanding the migration of T cells and monocytes
into sites of inflammation including the CNS,* almost
nothing was known until recently about the regulation
of B-cell trafficking to the inflamed CNS.”° The latest
rescarch has suggested that homeostatic chemokines
(CXCL12, CXCL13),>*2% which are essential for
maintaining immune organs, regulate B-cell traffic to
the inflamed CNS.

An important chemokine that directs the migration
of B cells before they differentiate to ASCs is CXCL13.
Virtually all B cells in the blood and CSF express the
receptor to this chemokine.”**" CXCL13 is induced in
active MS lesions, but not in inactive ones.”> It was
initially thought to be restricted to stroma cells in the
GCs, but recently various groups have reported that it
is also produced by monocytes, macrophages, and den-
dritic cells.”*>* Myeloid cell-derived CXCL13 was
linked to the recruitment of autoantibody-producing B
cells in an animal model of systemic lupus erythema-
tosus.”> Immunostaining showed CXCL13 in infiltrat-
ing cells, presumably macrophages, in active MS le-
sions,* in lymphoid follicles in the meninges,24 in
blood vessels in chronic active lesions,” and in the en-

dothelium in primary CNS lymphoma.54 The level of
CXCL13 in the CSF of MS patients correlated
strongly with the intrathecal Ig production, the num-
ber of B cells, plasmablasts, and interestingly, also T
cells.”* The linkage between the CXCLI13 level and
T-cell number might be because once activated, virtu-
ally all T cells transiently express the recepror
CXCR5.%° Currently, however, little is known about
the effects of CXCLI13 on activated T cells. High levels
of CXCL13, even exceeding those in MS, were ob-
served in the CSF of patients with acute neuroborre-
liosis>> and also in patients with severe meningoen-
cephalitis.**

CXCL13 synergizes with CXCLI12 in directing B
cells to lymph follicles.’® CXCL12 is constitutively dis-
played on blood vessels in the normal adult brain*?
and is upregulated in both active and inactive MS le-
sions.”> In MS lesions, CXCL12 was detected on
blood vessels.***?

In addition to these homeostatic chemokines, in-
flammatory chemokines also participate in directing
B-cell migration. A prime example is CXCL10/IP10,
which has been known for a couple of years to be a
prominent chemokine in MS lesions.””*® Tts receptor,
CXCR3, which is induced in memory B cells, remains
highly expressed during plasma cell development.””
The CSF concentration of CXCL10 positively corre-
lates with leukocyte count and intrathecal Ig produc-
tion.®” CSF B cells show an upregulated expression of
CCR1, CCR2, and CCR4,”* and the corresponding
ligands (CCL2/MCP-1 and CCL3/MIP1a) are high in
MS lesions.””*® In vitro, B cells migrate more rapidly
through the blood-brain barrier than T cells from the
same individual®'; CCL2 and interestingly also o,B,
integrin promoted B-cell migration in this system.
Plasmablasts express CXCR4 and CXCR3 and migrate
toward CXCL12 and CXCL10,°* both of which are
upregulated in MS lesions.**>”

In summary, current evidence indicates that
CXCL10 and CXCL12 contribute to migration and
maintenance of ASCs (see Fig 2), whereas CXCL10,
CXCL12, CXCL13, CCL2, and CCL3 attract B cells
to the CNS.

Four Possible Pathways to Immunoglobulin
Production in the Central Nervous System
We propose four different tracks by which Ig-secreting
cells could arrive in the inflamed CNS (see Fig 1). The
chemokine pattern in the CNS of MS patients suggests
that both ASCs and B cells migrate to the CNS.
First, Ig-secreting cells, which have differentiated in
peripheral lymphoid organs, might enter the inflamed
CNS by means of plasmablasts, which appear in the
blood 6 days after antigen response.> Their migration
is directed via CXCR4 and CXCR3,* and ligands of
both (CXCL12, CXCL10) are upregulated in MS le-
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sions.”>>” Animal experiments have shown that plasma
cells generated in lymphoid organs accumulate at sites
of inflammation independently of their antigen speci-
ficity and without extranodal follicle formation.'®

Second, memory B cells might differentiate into
ASCs in the inflamed CNS. CSF analyses consistently
have shown that the overwhelming majority of B cells
in the CSF (in contrast with the blood) are memory B
cells.”>*” The observations of somatic hypermutation
of B cells in CSF and CNS®~'"323473¢ 356 point to
the presence of memory B cells in the CNS. Memory
B cells are restimulated to proliferate and to differenti-
ate into ASCs in the presence of T-cell help, largely
outside of GCs.'> The T-cell-dependent differentia-
tion of memory B cells into ASCs does not even re-
quire lymphoid organs.14 For example, a CNS infec-
tion is rapidly accompanied by an intrathecal Ig
production against the causative agent; this is presum-
ably based on a local antigen-driven differentiation of
memory B cells into ASCs in the inflammatory envi-
ronment. Sequence analysis of rearranged Ig genes in
CSF B cells indicated that antigen-driven B-cell clonal
expansion occurs in patients with monosymptomatic
optic neuritis,”® in patients with clinically isolated syn-
drome,*® and in MS patients early after disease onset.”®
This indicates that antigen-driven B-cell activation in-
side of the CNS is an early event in the pathogenesis of
MS. Animal experiments have shown that antigen
present in the CNS is delivered to cervical lymph
nodes.®®> There it stimulates B-cell differentiation and
initiates intrathecal Ig production, provided the antigen
is retained in the CNS.°* This can be explained by
migration of memory B cells from the cervical lymph
nodes to the CNS, where they undergo a local antigen-
driven differentiation into ASCs.

Third, ASCs might originate from lymphoid follicles
in the meninges, which have been observed in 30 to
40% of MS patients with secondary chronic progres-
sive MS and long-standing disease.”**' Follicle-like
structures, however, were not observed in the inflamed
parenchyma and not in relapsing-remitting MS.**
These structures in the meninges contained proliferat-
ing B cells, T cells, plasma cells, and a network of
CXCLI13-producing cells.** Lymphoid follicles occur
in many tdssues during chronic inflammation with a
variable frequency depending on the inflamed tissue
and the particular disease.”® This so-called lymphoid
neogenesis occurs with a different degree of differenti-
ation and similarity to secondary lymphoid organs,
ranging from lymphoid aggregates to secondary B-cell
follicles with GCs surrounded by distinct T-cell areas
that contain high endothelial venules.”" Such high en-
dothelial venules, which allow continuous transmigra-
tion of lymphocytes, were not detected around lym-
phoid follicles in the meninges.”" It is unclear whether
memory or naive B cells differentiate into ASCs in the
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lymphoid follicles in the meninges. The enrichment of
the CSF for memory B cells might argue for an in-
volvement of this population. The concept of B-cell
differentiation in follicle-like structures in the CNS
also is supported by flow cytometry analysis, which de-
tected B-cell differentiation stages in the CSF of pa-
tients with MS and OIND.*>®

Fourth, memory B cells in the CNS might differen-
tiate locally into ASCs in a bystander reaction. Such
antigen-independent bystander reactions require T-cell
help and are enhanced by toll-like receptor engagement
on the B cells."® Studies of infectious CNS diseases
have shown that most intrathecally produced Ig is di-
rected against the causative agent.°®” Therefore, the
antigen-independent bystander activation in the CNS
can presumably explain only a small part of the total Ig
production in the inflamed CNS.

Notably, Ig production in the CNS compartment
can be both antigen-driven and antigen-independent.
ASCs, which arrive in the brain via tracks 1 or 4, se-
crete antibodies independently of antigen recognition.
In contrast, those arriving via tracks 2 or 3 secrete an-
tibodies in an antigen-dependent way. A subset of plas-
mablasts might further develop to plasma cells, and
some of them might persist as long-lived plasma cells
in the inflamed CNS. The survival of plasma cells is
not an autonomous feature of these cells, but the en-
vironment and the inflamed CNS provide a milieu that
supports them (see Fig 2; see also earlier). Long-lived
plasma cells produce IgG independently of antigen.'?

Features of Intrathecally Produced IgG
The intrathecal Ig production with the formation of
OCBs is a key feature of MS, as well as other neuroin-
flammatory diseases®® (Table 6). The amount of IgG
produced per day in the CNS of MS patients has been
quantified by two methods. The concordant results
show that the average production of IgG in the CNS
of I\éIS patients was 29mg/day (range, 0-207mg/
day).®®

The OCBs in the CSF of MS patients remain for
many years,*”’? although changes of the banding pat-
tern have been observed longitudinally in some pa-
tients.”” The tendency of the OCBs to persist suggests
that the CNS provides a long-term survival niche for
plasma cells (see Fig 2). The changes of the banding
pattern’® might indicate that the plasma cells compete
for the limited survival niches. It is not known whether
the presumed, long-lived plasma cells that cause the
persisting OCBs in MS originate from tracks 1, 2, 3,
or 4 (see Fig 1). The view that the OCBs are derived
from long-lived plasma cells also is supported by the
observation that OCBs persist after irradiation”’;
plasma cells are insensitive to irradiation.”> OCBs were
reported to persist for at least 1 year after autologous



Table 5. Effects of B Cells and Immunoglobulin in Central
Nervous System Inflammation

Tissue-Protective and

Tissue-Destructive Antiinflammatory

B cells
Production of proin- Production of antiinflam-

flammatory cytokines matory cytokines such

such as IL-6, IL-12, as IL-10%° and TGEF-

and lymphotoxin® pestse

Antigen presentation®” Neuroprotection via re-
lease of neurotrophic
factors such as nerve
growth factor,™ brain-
derived neurotrophic
factor,”! and neur-

turin®?

Ig to CNS autoantigens Ig to myelin may facilitate
remyelination™” and

may induce comggle-
ment activation,”~ per- axonal regenera—
- 108,10

turbance of oligoden- tion
drocyte physiology,()9
proteolysis of myelin
basic protein'®
Stimulation of macro-
phages/microglia via
activating Fc receptors'

Downmodulation of in-
flammation via binding
to inhibitory Fc recep-

tO['SlO6

“Transforming growth factor-B (TGF-B) might perform opposing
roles in neuroinflammation (see B-Cell-Directed Therapies section).

IL = interleukin; Ig = immunoglobulin; CNS = central nervous
system.

stem cell transplantation in four longitudinally fol-
lowed patients.””

There is typically a strong intrathecal Ig response to
the causative pathogen in infectious CNS diseases, and
the OCBs in the CSF recognize the infectious agent.®®
Infectious agent-specific ASCs predominate,’” and
therefore have the best chances to occupy the proposed
limiting niches for long-term plasma cells in the in-
flamed CNS.

One important difference between the intrathecal Ig
production of MS patients and OIND patients has
been known for many years (Table 6). Whereas MS
patients typically display an intrathecal immune re-
sponse against many different common pathogens such
as measles virus, rubella virus, and varicella-zoster vi-
rus,”* as well as Chlamydia pneumonz’ae75’76 and human
herpesvirus type 6,”7 OIND patients do not. This
polyspecific antipathogen Ig does not correspond to
the major OCBs in the CSF and is considered a by-
stander reaction (measles-rubella-zoster  reaction),
which can be detected in about 90% of MS pa-
tients.”®”? The reason for this polyspecific Ig response
in MS is unclear; it probably does not simply reflect a
consequence of long-lasting disease, because it is typi-
cally present at the beginning of MS and is even used

as a diagnostic criterion in some clinics. This measles-
rubella-zoster reaction occurred in only 1 of 17 pa-
tents with human T-cell lymphotrophic virus type
[-associated myelopathy® and in 2 of 27 neuroborre-
liosis patients.”’ The polyspecific intrathecal Ig re-
sponse in MS may indicate an enhanced B-cell-pro-
moting environment long before the clinical disease
starts, and may also reflect the individual’s history of
infections.

Effects of B Cells on the Central
Nervous System
B cells and Igs in the CNS milieu can have tissue-
destroying and tissue-repairing effects (see Table 5). B
cells are extremely potent antigen presenters for anti-
gens that bind to their surface Igs; they selectively in-
ternalize their antigen and present this to T cells at
concentrations 10°- to 10*-fold lower than required for
presentation by nonspecific B cells or monocytes.®”
The ability of B cells to promote immunopathological
disease in the absence of Ig secretion has been shown
in a rodent model of systemic lupus erythematosus.®’
They can produce a wide array of cytokines, for exam-
ple, mediators with immunosuppressive activity, such
as IL-10 and transforming growth factor-B (TGF-B);
cytokines that regulate inflammation and T-cell polar-
ization, such as IL-4, interferon-y, and IL-12; and lym-
phoid tissue—organizing cytokines, such as TNF-a and
lymphotoxin.®*=5” TL-10 production by B cells down-
modulates CNS inflammation in an experimental au-
toimmune encephalomyelitis model.*> TGF-B, which
also is produced by B cells, might have opposing effects
in the CNS. On the one hand, TGF-B is a well-known
inhibitor of inflaimmatory mediators; on the other
hand, TGF-B might promote CNS inflammation, be-
cause (1) transgenic expression of TGF-f in the CNS
enhanced experimental encephalomyelitis,*® and (2)
TGEF-B, promotes the generation of IL-17—producing
T cells,®” which are considered to have a dominant role
in provoking chronic autoimmune inflammation of the
CNS.”° B cells can also produce neurotrophic factors
such as nerve growth factor,*> brain-derived neurotro-
phic factor,”" and neurturin,”* and thus could help to
promote CNS integrity, which recognize the conforma-
tionally intact target in a subset of patients.””

Myelin-specific Igs”* "% could induce tissue degen-
eration via complement activation,”® activation of mi-
croglia/macrophages via activating Fc receptors,' per-
turbance of oligodendrocyte physiology,” and as
recently suggested, also via a proteolytic activity on
myelin basic protein.'® In addition to the MS subtype
IL,'"" Ig-mediated pathology is probably involved in
the Devic’s subtype of MS."%>'%% Antibodies that rec-
ognize aquaporin-4 have been reported for this sub-
sor, 104.105

In contrast, Igs might also have an inhibitory effect
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Table 6. Intrathecal Immunoglobulin Production in Multiple Sclerosis and Other Inflammatory Neurological Diseases

Disease

Chronic Encephalitis with Known
Infectious Agent (eg,

CSF Feature MS neuroborreliosis)
Ig production in the CNS® Yes Yes
Oligoclonal Ig in CSF®*¢*7° Yes Yes
Polyspecific Ig production in the CNS against Nearly always Rarely
different agents, eg, measles virus, rubella vi-
rus, varicella-zoster virus’*7>77-81
Antigen specificity of oligoclonal Ig in the CSF® Unknown Against the causative agent (eg,

Borrelia burgdorferi)

CSF = cerebrospinal fluid; MS = multiple sclerosis; Ig = immunoglobulin; CNS = central nervous system.

on inflammation by binding to inhibitory Fc recep-
tors.'%® Oligodendrocyte-specific Igs might promote
remyelination.'”” Igs reactive against the myelin pro-
tein Nogo were found in the serum and CSF of MS
patients.'®® Anti-Nogo antibodies are well-established
promoters of axonal regeneration.'®’

B-Cell-Directed Therapies

Currently approved immunomodulatory treatments for
MS (glatiramer acetate, interferon-f3, mitoxantrone) do
not selectively target B cells, although they affect B
cells in different ways. Recently, however, there has
been much interest in exploring B-cell-selective thera-
pies for MS treatment. The most notable example is
the anti-CD20 monoclonal antibody (MAD) ritux-
imab."'® Human CD20 expression is evident at the
pre-B-cell stage, but is lost during terminal differentia-
ton into ASCs. Rituximab induces a rapid, long-
lasting (up to 6-9 months), almost complete depletion
of circulating B cells. Plasmablasts express hardly any
CD20.”? Nevertheless, they disappear after treatment
with this anti-CD20 MAb. Their disappearance is cas-
ily explained by their short life span (a few days) and
the depletion of those B cells that cause plasmablasts. A
case report on anti-CD20 treatment described the clin-
ical improvement, reduction of magnetic resonance im-
aging activity, and depletion of B cells in both the
blood and CSF of an MS patient,""" whereas another
article reported less efficient depletion of CSF B cells
than serum B cells."'? It is currently unclear whether
the observed depletion of CSF B cells after systemic
rituximab therapy''" was mediated by rituximab that
had entered the CNS or was secondary to the B-cell
depletion in the blood compartment. The differences
in ricuximab effects on CSF B-cell depletion may relate
to the integrity of the blood-brain barrier, because the
patient in the case report had many gadolinium-
enhancing lesions,"'" whereas the other study was per-
formed in patients with primary progressive MS.''?
The CSF concentrations of systemically applied ritux-
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imab were measured in an oncological setting, they
were 0.1%"'"? to about 1 to 2% of the serum concen-
trations.'* Therefore, an intrathecal application of rit-
uximab might be preferable for treatment of B-cell ma-
lignancies in the CNS. The kinetics and sensitivity of
B-cell depletion vary between different lymphoid envi-
ronments."'® It will be a challenge in the future to
identify biomarkers (eg, B-cell or plasmablast number
in the CSF) that will help detect those patients who
might benefit from anti-CD20 therapy.

Notably, long-lived plasma cells are not depleted by
anti-CD20 therapy.'*”* This might explain why anti-
microbial antibodies did not change significantly after
B-cell depletion with this MAb.'"> Although there is
compelling evidence that (auto)reactive Ig contributes
to tissue destruction at least in a subset of MS pa-
tients,'®" it is unclear whether pathogenic antibodies in
this subset of patients derive from short-lived or long-
lived plasma cells. Apparentdy both subsets of Ig-
producing cells contribute to autoantibody production
in systemic lupus erythematosus.”” Other therapeutic
strategies should be used to target plasma cells, for ex-
ample, transcription factors such as PRDM1/BLIMP1
or XBP1 required for the maintenance of plasma cells,
the BAFF/APRIL receptor BCMA, which is needed for
plasma cell survival,”® or antithymocyte globulin.''®

Another strategy to inhibit B-cell activity is to target
BAFF function, for example, by soluble BAFF-
receptors or with an anti-BAFF MAb. Such therapeutic
approaches must take the complexity of the BAFF/
APRIL system into consideration; BAFF binds to three
different receptors, two of which are shared by the
BAFF-related APRIL.?” Clinical trials targeting BAFF
in rheumatic diseases are forthcoming. No information
about BAFF inhibition in human inflammatory CNS
diseases currently is available.

The treatment of relapsing-remitting MS patients
with an and-o integrin MAb was promising, but was
complicated by progressive multifocal leukoencepha-
lopathy in three patients."'” This treatment might not



only modulate T-cell migration, but also affect the
B-cell compartment, because anti-o,3; inhibits B-cell
migration in vitro across the blood-brain barrier,®'
participates in activation of human memory B cells,''®
and is used by long-lived plasma cells to remain in
their survival niche® (see Fig 2).

Conclusions and Outlook

B cells have long (re)taken center stage within the sce-
nario of MS pathogenesis. Antibodies directed at spe-
cific target antigens such as MOG and aquaporin-4
have been proposed as prognostic and diagnostic bi-
omarkers, respectively, but these findings are prelimi-
nary and need confirmation. Much progress has been
made recently to improve our understanding of B-cell
trafficking and survival. It appears that the inflamma-
tory CNS provides a unique, B-cell-friendly environ-
ment in which B lineage cells, notably long-lived
plasma cells, can survive for many years, perhaps even
for a lifetime. Not only do these new findings offer a
plausible explanation for the notorious persistence and
stability of CSF OCBs, but they also allow us to take a
fresh look at B-cell-directed therapies. Several mole-
cules involved in B-cell trafficking and survival are con-
sidered attractive targets for immune intervention.
These avenues currently are being explored in thera-
peutic trials.
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