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Abstract

B cells are central players in multiple autoimmune rheumatic diseases as a result of the imbalance between
pathogenic and protective B-cell functions, which are presumably mediated by distinct populations. Yet the
functional role of different B-cell populations and the contribution of specific subsets to disease pathogenesis
remain to be fully understood owing to a large extent to the use of pauci-color flow cytometry. Despite its
limitations, this approach has been instrumental in providing a global picture of multiple B-cell abnormalities in
multiple human rheumatic diseases, more prominently systemic lupus erythematosus, rheumatoid arthritis and
Sjogren’s syndrome. Accordingly, these studies represent the focus of this review. In addition, we also discuss the
added value of tapping into the potential of polychromatic flow cytometry to unravel a higher level of B-cell
heterogeneity, provide a more nuanced view of B-cell abnormalities in disease and create the foundation for a
precise understanding of functional division of labor among the different phenotypic subsets. State-of-the-art
polychromatic flow cytometry and novel multidimensional analytical approaches hold tremendous promise for our
understanding of disease pathogenesis, the generation of disease biomarkers, patient stratification and personalized
therapeutic approaches.
Introduction
B cells play a central role in the pathogenesis of auto-
immune diseases through a combination of antibody-
dependent and antibody-independent mechanisms. The
latter include, among others, antigen presentation, T-cell
regulation, cytokine production and organization of sec-
ondary and tertiary lymphoid tissue [1]. The protective
or pathogenic outcome of B-cell-mediated conditions
(whether in autoimmunity, transplantation, infection or
vaccination) is most probably due to the imbalanced par-
ticipation of separate B-cell subsets with regulatory and
effector functions or by the subversion of function of a
given subset.
This functional richness has been mainly studied in

the mouse, but is also starting to unravel in humans. In-
deed, while definitive functional studies are harder to
perform with human B cells, the availability of many
well-defined surface and intracellular markers, including
better markers of B-cell memory, have set the stage for
informative human studies. Yet our ability to adjudicate
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functional significance and pathogenic relevance to sep-
arate B-cell populations on the basis of surface pheno-
type has remained limited. A major impediment to this
endeavor is that human B-cell subsets are currently de-
fined by pauci-color flow cytometry protocols that are
often limited to IgD, CD27, CD38 and CD24 staining to
classify the major accepted populations (transitional,
naïve, memory and plasmablast subsets). The expression
of other informative markers, including differentiation
and activation markers and homing receptors, in these
subsets is typically assessed through the use of several
parallel panels. The limited use of available markers not
only fails to differentiate multiple populations within the
conventional core subsets, but also could potentially lead
to erroneous attribution of functional properties. Hence,
we believe it is imperative that polychromatic flow cy-
tometry (PFC) is incorporated to fully characterize
human B cells within a consistent classification [2]. In
this review, we present the current knowledge of human
B-cell subsets and their analysis in rheumatic diseases
using flow cytometry. We summarize the data available
for the best studied diseases, and discuss the potential
is is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,

mailto:ignacio.sanz@emory.edu
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


Wei et al. Arthritis Research & Therapy  (2015) 17:46 Page 2 of 12
use of the B-cell phenotype profile in stratifying patients,
prognosticating the disease progression and evaluating
the effectiveness of treatments.

Review
Human B-cell populations
As extensively reviewed elsewhere [3,4], the customarily
used IgD/CD27 scheme classifies human peripheral
blood CD19+ B cells into four core subsets: naïve IgD
+CD27− B cells, unswitched memory (UM) IgD+CD27+

B cells, switched memory (SM) IgD−CD27+ B cells and
double-negative (DN) IgD−CD27− switched B cells (refer
to Table 1 for definitions). Plasmablasts are a rare popu-
lation in steady-state healthy subjects and can be better
discriminated as CD27++CD38++ cells within the IgD−

fraction. It should be noted that, in addition to mature
naïve B cells, the IgD+CD27− compartment also harbors
transitional B cells. Although the fraction of transitional
B cells in this compartment is fairly small in healthy
subjects, it can be quite prominent in patients with
Table 1 Phenotype of human B-cell subsets in the periphery

B-cell subset Phenotypea

Transitional cells T1/T2 IgD+CD27−MTG+CD24++CD38++

CD10+IgM+

T3 IgD+CD27−MTG+CD24+CD38+

CD10−IgM+

Naïve cells Resting IgD+CD27−MTG−CD21+CD24+/−

CD38+/−IgM+CD95−

Activated IgD+CD27−MTG+CD21−CD24−

CD38−IgM+CD95+

Anergic IgD+CD27−MTG−CD24−CD38−

IgMlow/–

Memory cells Unswitched IgM+IgD+CD27+CD1c+

IgM-only IgM+IgD−CD27+

Switched

Resting IgD−CD27+CD21+CD95−IgG/A+

Activated IgD−CD27+CD21−CD95+IgG/A+

Double-negative IgD−CD27−IgM/G/A+

Antibody secreting cells Pre-plasmablasts IgD−CD27+/−CD38++CD138−Ki6

Plasmablasts IgD−CD27++CD38++CD138−Ki67

Plasma cells IgD−CD27++CD38++CD138+Ki67

Regulatory B cells Bregs CD24hiCD38hi

CD24hiCD27+

IgD+CD27+CD43+CD70−CD11b+

9G4+ B cells 9G4+ 9G4+

RP105− B cells RP105− RP105− (IgD−CD38hiCD138dull)
aMarkers in bold font indicate commonly defined core subsets. bReferences for the
as CD19hiCD21low B cells. dUnlike the exhausted memory cells in HIV-infected and m
eIn RA, the increase in antibody secreting cells is observed in synovial tissues. GC, g
arthritis; SLE, systemic lupus erythematosus; SSC, systemic sclerosis.
autoimmune diseases such as systemic lupus erythema-
tosus (SLE) either in untreated disease [5] or after B-cell
depletion therapy [6]. Transitional B cells have tradition-
ally been identified as CD24++CD38++ cells, and they can
be distinguished from naive B cells in the IgD+CD27−

compartment by their lack of expression of the ABCB1
transporter and the resulting retention of dyes such as
Rhodamine 123 and MitoTracker Green [7].
Substantial phenotypic heterogeneity has been recog-

nized among human memory B cells (as defined by the ex-
pression of CD27), although their functional heterogeneity
is less well understood [8]. Approximately one-half of all
human CD27+ memory B cells have undergone isotype
switch (IgG+ and IgA+), and the rest express surface IgM
with or without the concomitant expression of surface
IgD [8,9]. While the classical switched memory (SM)
cells are generated from the germinal center reaction,
IgD+IgM+CD27+ unswitched memory (UM) cells have
been proposed to represent circulating marginal zone B
cells, which are critical for protection against infections
Function/propertiesb Perturbation

Developmental precursor ↓ in SLE

Developmental precursor ↑ in SLE

Developmental precursor ↓ in SLE, ↑ in SSc

Precursor of short-lived plasmablast and
GC reaction

↑ in SLE, ↑in SScc

Hyporesponsive. Maintenance of tolerance ↓ in SLE

Natural memory marginal zone equivalent ↓ in SLE, RA, pSS

Pre-switch memory. Early IgM memory. IgG
memory precursor

↑ in SLE

Protective anti-microbial memory? ↓ in SLE

Pathogenic autoimmune memory? ↑ in SLE, ↓ in pSS

Tissue based-memory. Exhausted memory?d ↑ in SLE

7+ Antibody secretion ↑ in SLE
+ Antibody secretion ↑ in SLE, RAe

+ Antibody secretion ↑ in SLE, RAe

IL-10 production Loss of function in SLE

VH4-34 encoded autoreactive B cells ↑ in SLE

Resemble antibody secreting cells ↑ in SLE, pSS

indicated function/properties are incorporated throughout the text. cDefined
alaria-infected subjects, double-negative cells in SLE do not express FCRL4.
erminal center; IL, interleukin; pSS, primary Sjogren’s syndrome; RA, rheumatoid
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with encapsulated bacteria [10]. A variable fraction of
CD27+ memory cells express only surface IgM (IgM-
only memory) and may represent pre-SM cells that will
eventually join the pool of isotype SM cells after partici-
pating in subsequent germinal center reactions [9,11].
Also well established is the existence of a subset of iso-

type switched B cells lacking expression of CD27, an
antigen widely considered a universal marker of human
memory cells [12,13]. These cells are comparable with
conventional CD27+ SM cells in that they are class
switched and somatically mutated and they experience
much greater proliferative responses than naïve B cells
after TLR9 stimulation through CpG DNA in the
absence of simultaneous B-cell receptor engagement.
IgD−CD27− double-negative (DN) switched cells undergo
substantial expansion in SLE patients, and the degree of
expansion correlates well with disease activity [12]. Similar
to CD27+ SM cells, the IgD−CD27− DN compartment
contains a fraction of IgM-only cells as well as class
switched IgG and IgA cells [12]. Overall, the origin and
role of IgD−CD27− DN B cells remain to be understood al-
though a derivation from initial germinal center reactions
has been suggested in some studies [14]. DN B cells re-
semble a tissue-based memory population phenotypically,
but they do not express the characteristic FcRL4 cell sur-
face marker in the peripheral blood of both healthy and
SLE subjects [12]. However, FcRL4 expression in these
cells was observed in HIV-infected viremic individuals and
those chronically infected with malaria [15,16]. It has
been suggested that, at least in chronic infections such
as HIV and malaria, DN cells may represent prema-
turely exhausted cells owing to the influence of FcRL4
and possibly other inhibitory receptors [15-17]. None-
theless, other studies have suggested their active
participation in the generation of anti-malaria anti-
bodies [18].
The concept of effector and regulatory functions of B

cells in cellular immune responses has received great at-
tention in recent years. Hence, it is important to discuss
the different phenotypes proposed for regulatory B cells
(Bregs), a population with protective effects in auto-
immune conditions [19] and whose preservation or en-
hancement should be an important consideration in the
design of B-cell targeting therapies. Bregs suppress in-
flammation and autoimmunity through the production
of cytokine interleukin (IL)-10. In the mouse, Breg func-
tion has been ascribed to different cell types including
B1 cells [20], marginal zone B cells [21], B10 cells with a
CD1dhiCD5+ phenotype [22] and transitional cells [23].
Similarly, Breg function has been proposed in the hu-
man for naïve B cells (IgD+CD27−) [24], transitional B
cells (CD24hiCD38hi) [25], B10 cells (CD24hiCD27+) [26]
and orchestrator B1 cells (B1orc) [27]. Mouse B cells of
the B1 lineage have been known to be a rich source of
IL-10 [20], but the identity of the human B1 counterpart
remains elusive.
Recently, a population of human peripheral blood B

cells with a CD20+IgD+CD27+CD43+CD70− phenotype
has been shown to exhibit the functional hallmarks
of the mouse B1 cells [28], although its actual signifi-
cance and magnitude remain to be further explored.
Of note, the CD11b+ fraction of this human B1 popu-
lation, termed B1orc, spontaneously secretes IL-10
and suppresses T-cell activation [27]. Mouse B10
cells, designated to represent splenic IL-10-producing
CD1dhiCD5+ B cells, share some phenotypic markers
with other IL-10-producing cells including B1 and
marginal zone B cells [22]. Human B10 cells, on the
other hand, are predominantly found within the
CD24hiCD27+ compartment [26].
Given the diverse cell types capable of exerting regula-

tory function, there is no definitive cell surface marker(s)
that can serve as a surrogate for IL-10 production. Fur-
thermore, there might be subtle differences in the regula-
tory capacity among the different Breg subsets. For
instance, suppression of CD4+ T-cell proinflammatory cyto-
kine tumor necrosis factor alpha (TNFα) production by hu-
man transitional B cells is dependent on IL-10 [25].
In contrast, human B10 cells do not seem to regulate CD4+

T-cell TNFα expression, although they do suppress TNFα
production by monocytes [26].
Other unique populations of B cells can be relevant

for specific autoimmune diseases. For instance, a group
of B cells recognized by an anti-human idiotype 9G4
antibody represents a highly informative experimental
model to understand the breakdown of B-cell tolerance
in SLE. In healthy subjects, effective tolerance ensures
that 9G4 responses are restricted to acute infections
with mycoplasma and Epstein–Barr virus, and that they
do not persist in the long-lived IgG memory and plasma
cell compartments [29]. In contrast, we have shown that
9G4+ B cells are substantially expanded in the SLE IgG
memory B-cell compartment, and 9G4+ antibodies con-
tribute disproportionally to circulating IgG levels owing
to defective germinal center censoring [30,31]. Among
other autoreactivities, 9G4+ antibodies have been shown
to constitute a major species of anti-apoptotic cell anti-
bodies in SLE serum [32]. CD19hi memory B cells are
enriched in anti-Sm B cells in SLE, and the degree of
enrichment correlates with the level of serum anti-Sm
antibodies as well as with adverse outcome and poor re-
sponse to ritxumibab in small studies [33].
Another B-cell subset, which lacks the expression of

RP105, is increased in the peripheral blood of patients
with SLE, Sjogren’s syndrome and dermatomyositis [34].
Particularly in SLE, the increase in this B-cell popula-
tion, which has been shown to produce anti-double-
stranded DNA antibodies, appears to correlate with
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disease activity [34]. Several lines of evidence, including
surface phenotype (CD20−CD38hiCD138dull) and spon-
taneous production of antibodies in vitro, suggest that
these RP105− B cells consist of antibody secreting cells
(ASC) [34]. Hence, the observed increase of RP105−

B cells is consistent with the expansion of ASC in SLE pa-
tients with active disease (discussed in the next section).

B-cell abnormalities in human autoimmune diseases
Systemic lupus erythematosus
Multiple alterations in the composition of the B-cell
compartment have been reported in SLE, arguably the
autoimmune disease with most florid and variable
changes in B-cell homeostasis. B-cell lymphopenia was
one of the initial observations in SLE patients [35] and
subsequent flow cytometry studies have shown de-
creased absolute numbers of both CD27+ and CD27− B
cells [36,37]. Additionally, the proportion of IgD+CD27+

memory B cells is dramatically reduced in SLE patients
[36]. Unlike other alterations seen in SLE B-cell homeo-
stasis, the loss of UM B cells is found in almost all SLE
patients regardless of disease activity.
ASC, defined as CD27bright cells, are expanded in SLE

patients with active disease [36,38-40]. Of interest, this
subset contains both CD138− cells as well as CD138+

cells, despite their universal expression of Ki-67. Thus,
even mature circulating ASC in active SLE appear to
represent newly generated plasmablasts. The expansion
of ASC in SLE patients with active disease probably re-
flects increased activation and differentiation. In addition
to ASC, several studies have found activated memory B
cells in SLE patients, as indicated by their expression of
the B-cell co-stimulatory molecules CD80 and CD86
and the death receptor CD95 [41,42]. This activation is
not limited to memory B cells, as these molecules are
also upregulated in IgD+CD27− naïve B cells of SLE
patients that have increased size, indicating in vivo acti-
vation [43]. More B cells in SLE patients express high
levels of CD19 and these cells are enriched for anti-Smith
autoreactivity and show several markers of activation,
including low expression of the complement receptor
CD21, high levels of CD86 and phosphorylation of
B-cell receptor signaling molecules in the absence of
stimulation [33,44].
An activated phenotype is also observed in the

IgD−CD27− DN population. As described above, this
population is a minor subset in healthy individuals that
is class switched and has undergone somatic hyper-
mutation, but lacks the memory marker CD27 [45]. In
SLE patients this population can be dramatically ex-
panded, and both the parental subset and its activated
CD95+CD21− fraction correlate with disease activity
[12,41]. The extent to which these cells are a result of
naïve and memory B-cell activation or instead derive
through a distinct differentiation pathway is an unre-
solved question of significance for our understanding of
SLE pathogenesis.
Finally, multiple abnormalities of putative Breg popu-

lations have also been reported in SLE, including the de-
creased ability of Bregs (CD24hiCD38hi) to inhibit T-cell
and macrophage activation, despite increased cell num-
bers in active SLE patients [25]. Of note, a subset of this
population (CD1d+) that powerfully induces suppressive
invariant natural killer T cells has also been reported to
be deficient in SLE [46]. Interestingly, the recovery of
this population appears to correlate well with favorable
outcome following rituximab-induced B-cell depletion
[46]. Substantial abnormalities have also been reported
for B10 and B1 cells in SLE. Their actual functional sig-
nificance remains to be ascertained, as both B10 cells
and their precursors (pro-B10 cells) as well as the IL-10-
producing orchestrator B1 cells are increased in SLE
patients [26,47].

Rheumatoid arthritis
Alterations of B-cell subsets in rheumatoid arthritis (RA)
are variable. One study found a higher proportion of
IgD−CD27+ memory and decreased numbers of naive B
cells [48], while a separate study of RA B-cell subsets
in a large patient cohort found decreased numbers of
IgD−CD27+ memory and this correlated with high dis-
ease activity [49]. This discrepancy is probably explained
by differences in patient populations, treatment status
and disease duration. With regards to the latter param-
eter, very early in RA disease patients already exhibit de-
creased numbers of IgD+CD27+ memory B cells prior to
treatment [50]. The loss of this population, which is also
depleted in SLE and primary Sjogren’s syndrome (pSS)
[51], is thus probably not the result of treatment or
chronic autoimmunity and occurs instead either prior to
or very soon after disease onset.
Overall, the magnitude of changes in B-cell popula-

tions in the blood of RA patients is smaller than those
observed in other systemic autoimmune diseases and the
main locus of B-cell dysregulation in RA may be at the
site of inflammation rather than the periphery. B-cell
trafficking is altered in RA, as a decreased number of
peripheral blood B cells express the B-cell follicle hom-
ing receptor CXCR5, but exhibit increased expression of
CXCR3 which promotes migration to inflamed tissues
[52]. While the infiltrate found in inflamed synovial tis-
sue includes T cells, B cells and monocytes, the presence
of large numbers of B cells, particularly CD38+ plasma
cells, is characteristic of RA as compared with other
types of arthritis [53]. Subsequent flow cytometry studies
have found that many of these infiltrating B cells are
CD27+ memory cells [54]. Histologically, in patients with
active RA, synovial B cells are found in aggregates in
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close proximity to T cells and follicular dendritic cells
[55]. Less commonly, ectopic lymphoid tissue that re-
sembles secondary follicles is also observed. Aggregates
and follicles are the site of ongoing proliferation, as they
contain B cells positive for the nuclear antigen Ki-67
[56]. Plasma cells surround these aggregates and sequen-
cing studies demonstrate clonal expansions and ongoing
diversification through somatic hypermutation [57].
However, shared clones have also been found between
blood and synovial B cells and between B cells from dif-
ferent joints [58,59], and synovial B cells are probably a
mix of in situ generated clones and clones from distal
locations that subsequently migrate in response to in-
flammation. Recently an additional proinflammatory role
for synovial B cells has been found in the form of
RANKL-expressing FCRL4+ memory B cells that express
TNFα and resemble the tissue-based memory B cells
found in the tonsil [60].
The prominence of tissue-based B cells in RA has im-

portant implications for treatment. One proposed model
postulates, based on the relative ineffectiveness of B-cell
depletion in tissue, that anti-CD20 treatment probably
acts by cutting off the source of new immigrating mem-
ory B cells from the blood [61]. This results in a slow at-
trition of synovial B cells and the eventual collapse of
the self-perpetuating inflammatory process. Treatments
that hasten this collapse could improve the efficacy of
B-cell depletion treatment in RA.

Sjogren’s syndrome
In contrast to SLE where both CD27+ and CD27− B-cell
numbers are reduced, patients with pSS have a very spe-
cific loss of CD27+ memory B cells [62,63]. This is an ac-
tual numerical loss rather than a change in proportions
and affects both IgD+ and IgD− memory B cells [51,64].
Sjogren’s syndrome, in particular, is in need of better
diagnostics, as Sicca symptoms are common in the gen-
eral population and early diagnosis and treatment can
prevent permanent organ damage. The loss of memory
B cells in pSS is consistent enough that this phenotype
has been proposed as a diagnostic tool and loss of B-cell
memory, as measured by an alternative flow schema
based on CD38 and IgD expression, has been tested for
this purpose [65]. These studies found that the loss of
B-cell memory was of diagnostic value, but did not pro-
vide an improvement over present classification criteria.
We have also recently examined CD27+ B cells in pSS

and Sicca patients [51]. We found that CD27+ cells, and
in particular IgD+CD27+ memory cells, are greatly re-
duced not only in established pSS patients but also in a
subset of Sicca patients. Of great interest, decreased
numbers of UM cells correlated with serological indica-
tors of autoimmunity both in Sicca subjects as well as in
patients with pSS. Additionally, the residual IgD+CD27+
had an altered phenotype both by cell surface expression
and gene transcription profiling. As in SLE, why this
population is absent in pSS patients remains unexplored.
The salivary glands of pSS patients have lymphocyte ag-
gregates, and in a subset of patients these aggregates
form germinal center-like structures. CD27+ memory B
cells are a portion of these infiltrates and low numbers
of CD27+ B cells in the blood may be the result of se-
lective homing to the target tissue [64]. However, CD27+

memory B cells in ectopic germinal centers are uncom-
mon and additional mechanisms may also be responsible
the reduction of CD27+ B cells in pSS [66].

Systemic sclerosis
The B-cell phenotype of systemic sclerosis (SSc) patients
has some parallels with other B-cell-mediated auto-
immune diseases, but there are also some interesting dif-
ferences. Like pSS patients, SSc patients have reduced
numbers of CD27+ B cells; but unlike SLE patients, these
patients are not B-cell lymphopenic [67]. Instead, the
number of B cells in SSc patients is actually increased
due to an expansion of CD27− B cells. It is unclear what
proportion of this expansion is due to IgD+ naive B cells
as opposed to IgD−CD27− DN B cells. Both CD27+ and
CD27− B-cell subsets in SSc patients expressed higher
levels of CD19 [68]. CD19 is an important B-cell co-
receptor that augments signaling and decreases the
threshold for B-cell activation. Studies in the tight skin
mouse model of SSc have demonstrated that a 20% in-
crease in CD19, similar in magnitude to that seen in pa-
tients, resulted in both increased B-cell signaling and
higher levels of SSc-specific anti-topoisomerase [69].
While multiple autoantibodies can be seen in patients

with SSc, unlike SLE patients they do not have elevated
numbers of circulating CD27bright plasma cells. Recently,
a potential autoantibody-independent role for B cells in
SSc has been suggested by work showing that B cells in-
creased expression of collagen by cultured SSc dermal fi-
broblasts [70]. This increase was enhanced by B-cell
activating factor (BAFF) and anti-IgM treatment and
was transforming growth factor beta dependent. The fact
that anti-IgM modulated this effect implicates naive B
cells (expanded at least in the blood of SSc), although
the experiment did not rule out a role for IgD+CD27+

memory cells.

Commonalities and differences in B-cell abnormalities in
rheumatic diseases
The loss of IgD+CD27+ UM cells is the strongest com-
monality in B-cell phenotype among rheumatic diseases
because it is observed in SLE, pSS and RA. The under-
lying cause of this intriguing abnormality remains to be
elucidated. It is possible that splenic dysfunction in pa-
tients may disrupt the anatomical sites necessary for the
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development and/or survival of UM B cells, as has been
reported in patients with Crohn’s disease and celiac dis-
ease [71,72]. Alternatively, alterations in B-cell receptor
signaling or other pathways may favor their differentiation
into other cell fates at the expense of the IgD+CD27+ path-
way [73]. The functional consequences of the loss of UM
cells remains unknown, but may explain the increased risk
of SLE and Sjogren’s syndrome patients for developing
pneumococcal disease [74], as IgD+CD27+ B cells are
important responders against encapsulated bacteria
[75]. Marginal zone B cells in mice possess a fraction
of IL-10-producing Bregs [21], and in humans these
IgD+CD27+ memory cells may also have regulatory
functions, which are ultimately compromised in auto-
immune patients.
The large expansion of plasma cells observed in SLE

patients is relatively specific to SLE, as plasma cell fre-
quencies are not elevated in other rheumatic diseases
when compared with healthy controls. As mentioned
above, prominent plasma cell populations are found in
tissues in both pSS and RA, and one potential explan-
ation for this difference is that plasma cell differentiation
is happening primarily in the target tissues in pSS and
RA. Consistent with the increase in active B cells seen in
SLE, autoimmunity for SLE may be driven more by
continual recruitment of new cells and autoimmunity
for RA and pSS by long-lived plasma cells or reactivated
memory. This model suggests that treatments which
disrupt naive B cells such as BAFF inhibition may be par-
ticularly effective in the treatment of SLE and treatments
that inhibit trafficking or retention in target tissues may be
promising approaches for treating RA and pSS.

B-cell-targeted therapies
B cells play a critical role in the pathogenesis of auto-
immune diseases, so B-cell-targeted therapies have be-
come an attractive treatment modality. Depending on
the mechanisms of action, B-cell-targeting agents can be
categorized into those that directly kill most B cells and
those that compromise the survival, differentiation and
activation of B cells. The latter class of agents tends to
target discreet B-cell subsets. The efficacy of these more
selective B-cell targeting agents will thus depend on
their effect on specific B-cell subsets and the contribu-
tion of the affected subsets to regulatory or pathogenic
functions. A precise understanding of the phenotype and
function of different B-cell subsets is therefore of the es-
sence for a rational design of B-cell-targeted therapies.
Rituximab, a chimeric anti-CD20 monoclonal anti-

body, was the first B-cell-targeting biologic agent to re-
ceive US Food and Drug Administration approval for
the treatment of autoimmune rheumatic diseases. Ritux-
imab induces universal depletion of all B cells except
those that lack the expression of CD20, such as pro-B
cells and plasma cells. Nonetheless, small numbers of
residual memory B cells as well as plasmablasts can be
detected in the peripheral blood at the point of maximal
depletion even in patients with effective B-cell depletion
[76]. Studies in SLE patients treated with rituximab
show that different patterns of B-cell reconstitution
would emerge that correlate well with the clinical out-
comes of the treatment. Short-term responders are char-
acterized by rapid accumulation of memory B cells and
plasmablasts [76,77], most probably resulting from the
preferential homeostatic proliferation and expansion of
these residual cells. On the contrary, long-term re-
sponders demonstrate a delayed memory B-cell recovery
and a prolonged expansion of transitional B cells [6,77].
Given the success of treating SLE with rituximab in
many open studies, the failure of two recent randomized,
placebo-controlled trials (EXPLORER and LUNAR) to
show added values from rituximab over conventional
therapy was quite unexpected [78,79]. Aside from the
other plausible explanations for the failure, the degree of
initial B-cell depletion might have impacted the efficacy
[80], as demonstrated by the recent studies in which a
deeper B-cell depletion increases the efficacy of rituxi-
mab treatment in RA [81,82].
In contrast to direct killing of pan B cells by rituximab,

other B-cell-targeted therapies induce quite different
B-cell changes reflecting different mechanisms of action.
For instance, belimumab, a monoclonal antibody that
blocks BAFF binding to its receptors, preferentially in-
hibits the survival and hence decreases the numbers of
transitional and activated naïve B cells [83,84]. The
numbers of CD27+ SM cells and plasma cells are not
affected, indicating these subsets are independent of
BAFF for survival. However, a subset of IgD−CD27− DN
switched cells undergoes significant and sustained reduc-
tion [83]. Reflecting both the impact of sample size and
duration of follow-up as well as the impact of different
definitions and measurement of seemingly similar cell
types, discordant results have been reported regarding
the impact of belimumab on plasmablasts and other
ASC [83,84]. Epratuzumab, another monoclonal anti-
body, exerts an agonistic effect on the inhibitor receptor
CD22, further dampening B-cell activation. In contrast
to rituximab, epratuzumab does not drastically deplete
circulating B cells, but induces an average reduction of
peripheral B cells by 30% mainly in the CD27− compart-
ment [85], which includes transitional cells, naïve cells
as well as IgD−CD27− switched cells. Attenuation of the
B-cell receptor signaling pathway can also be mediated
through the inhibition of tyrosine kinases such as Syk
and Btk by small molecules that were developed initially
to treat B-cell lymphomas [86]. Although the effects of
these inhibitors on nonmalignant B cells are largely un-
known, a recent study shows that short-term use of the
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Syk inhibitor fostamatinib in lymphoma patients impairs
B-cell development at the transitional stage without af-
fecting mature B-cell populations [87]. Even though two
recent phase 3 clinical trials of fostamatinib in RA were
a disappointment, other agents that target the B-cell re-
ceptor signaling pathway hold significant promises in
treating autoimmune diseases [88].

Polychromatic flow cytometry analysis of human B cells
Our knowledge of human B-cell subsets and of the per-
turbation of their homeostasis in disease could be
exploited to apply B-cell profiling as a means to optimize
disease diagnosis, prognosis and treatment. To achieve
this goal, a comprehensive B-cell phenotyping is of the
essence. Hence, we have developed several 12-color
panels for in-depth characterization of memory cells,
naïve/transitional cells and ASC [2-4] (Table 2). These
panels share seven anchor markers, a B-cell lineage and
two exclusion markers (CD19, CD3 and Live/Dead)
as well as four developmental markers (IgD, CD27,
CD38 and CD24), which enable the precise identification
of the same core human B-cell subsets across panels
(Figure 1A). Also common to all three panels is an anti-
idiotype 9G4 antibody, which provides a useful measure
of autoreactivity through the identification of B cells ex-
pressing autoantibodies encoded by the VH4-34 variable
region gene [30]. Panel-specific markers then allow in-
depth characterization of these core B-cell subsets and
aid the identification of potentially novel subsets. The in-
corporation of CD21, CD95 and CXCR3 in the memory
panel thus provides information regarding the activation
status and homing potential of the memory B cells. The
Table 2 Composition of the staining panels for human B-cell

Memory panel Tr

Fluorochrome Specificity Clone Sp

FITC IgD IA6-2 MT

PE CXCR3 1C6 IgD

PE-Alexa610 CD24 SN3 CD

PE-Cy5 CD21 B-ly4 IgM

PerCP-Cy5.5 CD38 HIT2 CD

PE-Cy7 CD45/B220 RA3/6B2 CD

Pacific Blue CD3 SP34-2 CD

Pacific Orange Live/Dead Aqua Liv

Qdot605 CD27 CLB-27/1 CD

APC CD95 DX2 CD

Alexa680 VH4-34 9G4 VH

APC-Cy7 CD19 SJ25C1 CD

The seven anchor markers and VH4-34 encoded heavy chain are in bold font. Inform
from the transitional and plasma cell panels, as they are the same as those indicate
detection in the Red B channel, antibodies used are biotinylated and detected by s
are intracellular staining. APC, allophycocyanin; Aqua, LIVE/DEAD fixable aqua dead
PerCP, peridinin-chlorophyll protein; Qdot, quantum dot.
addition of MitoTracker Green in the transitional panel
further segregates the late transitional (T3) cells from
the resting naïve population. CD138 and Ki-67 in the
plasma cell panel provide additional information on the
subsets and proliferation status of plasmablasts/plasma
cells (Figure 1).
Increasingly complex high-dimensional PFC data cre-

ate new challenges for data mining and interpretation.
Just as challenging is the difficulty in the level of
standardization required for large datasets and multicen-
ter studies typical of large clinical trials [89]. These chal-
lenges are being proactively addressed by many groups,
often on a collaborative basis, to develop various cluster-
ing algorithms that can identify discrete cell populations
based on simultaneous assessment of multiple parame-
ters, and hold significant promise for the automated
analysis of PFC data [90,91]. To overcome the time-
consuming and variable nature of manual gating, a
normalization algorithm has been developed that, when
integrated into the manual template gating procedure, is
capable of mitigating the sample-to-sample variation and
allows for high-throughput processing of large PFC data-
sets [89]. Likewise, recently developed software called
AutoGate is promising to become an automated tool for
processing and analyzing PFC data [92].
Traditionally, the frequency (or absolute number) of

each B-cell subset derived from flow cytometry analysis is
presented independent of that of other subsets, largely as
part of univariate analysis. Perturbation of B-cell homeo-
stasis in a disease state is often described separately for
each affected subset as discussed in the previous section.
However, univariate approaches on individual subsets fail
phenotyping

ansitional panel Plasma cell panel

ecificity Clone Specificity Clone

G Free dye Ki-67 B56

CXCR3 1C6

24 CD24

G20-127 CXCR4 12G5

38 CD3

23 EBVCS2 CD38

3 VH4-34

e/Dead Live/Dead

27 CD27

10 HI10a CD138 B-B4

4-34 IgD

19 CD19

ation on the detecting antibody clones for these eight molecules is omitted
d under the memory panel regardless of the fluorochrome conjugates. For
treptavidin-Alexa680. Note that in the plasma cell panel, both Ki-67 and 9G4
cell stain; Cy, cyanine; FITC, fluorescein isothiocyanate; PE, R-phycoerythrin;
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Figure 1 Gating schemes for the analysis of human B cells. (A) Cell aggregates and dead cells were further removed from the lymphocyte
population, and the resulting live CD19+CD3− cells were selected for analysis. The customarily used IgD/CD27 scheme classifies peripheral blood
B cells into four core subsets: naïve and transitional (N + T) IgD+CD27− B cells, unswitched memory (UM) IgD+CD27+ B cells, switched memory
(SM) IgD−CD27+ B cells, and double-negative (DN) IgD−CD27− B cells. Rightmost panel: autoreactive 9G4+ B cells concentrate within the naïve
compartment. (B) With the additional memory panel specific markers, SM and DN cells both exhibit heterogeneous subpopulations. A great
majority of DN cells downregulate the expression of CD24 and CD21, while CD95+ and CXCR3+ cells are more frequently observed in SM cells.
(C) MitoTracker Green (MTG) in the transitional panel separates IgD+CD27− N + T cells into MTG− resting naïve cells (rN) and MTG+ fraction. The
latter can be further subset into early (T1/T2) transitional B cells, late (T3) transitional B cells and activated naïve (aN) B cells based on the CD24/
CD38 expression pattern. A sizable IgM-only memory cells can be identified in the SM subset as well as in the DN subset. (D) Plasma cell panel
illustrates that IgD−CD27++CD38++ cells include CD138− plasmablasts (PB) and CD138+ plasma cells (PC); both subsets are highly proliferative
in the peripheral blood. The IgD−CD27−/+CD38++ region contains a CD24− fraction that is also highly proliferative and is considered to be a
pre-plasmablast subset (Pre-PB). 9G4+ plasmablasts are readily identified from systemic lupus erythematosus patients. FSC, forward scatter; SSC,
side scatter.
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to reveal how collections of subsets and their relative
distributions might contribute to patient groupings. Thus,
we have applied a global B-cell profiling approach, in
which all of the B-cell subset data are considered simul-
taneously to obtain a system-wide view of B-cell popula-
tions [4,51,93]. In this manner, patient-specific complex
B-cell fingerprints are generated that can be directly com-
pared with the profile of other patients. An unsupervised
hierarchical clustering analysis can then divide patients
into groups based on their B-cell profiles (Figure 2), and
stringent correlations of B-cell fingerprints with clinical,
immunological and other emergent features can be identi-
fied. Our results from a large multicenter study [93] (and
manuscript in preparation) provide a proof of concept
that, when combined with other informative clinical
parameters, B-cell profiling offers a systems biology ap-
proach to identifying potential biomarkers for the diagno-
sis, prognosis and treatment monitoring of lupus disease.

Conclusions
Flow cytometry has emerged as a powerful tool for
B-cell immunophenotyping through the use of increas-
ing number of markers, as well as the incorporation of
intracellular staining to interrogate the functional prop-
erties such as the production of cytokines and phosphor-
ylation of key signaling molecules [2,87,94-96]. Two
recent innovations have further extended the utility of
flow cytometry in important ways. Mass cytometry (cy-
tometry by time of flight) uses time-of-flight mass spec-
trometry to measure heavy metal isotopes conjugated to
antibodies rather than fluorescence. Because there is lit-
tle signal overlap between isotopes, many more parame-
ters (>40) can be measured at the same time [97]. These
HC S

0 

3 

-3 

Figure 2 Unsupervised clustering analysis of B-cell profiles segregate
25 healthy controls (HC) and 137 systemic lupus erythematosus (SLE) patie
Matlab (MathWorks, Natick MA, USA). Clustering was based on Euclidean d
correlated cell subsets based on the gating strategy. Subset frequencies (in
to its mean and standard deviation of all 162 samples (in columns) prior to
clusters, and representative lupus patients from each cluster were shown. P
with high Systemic Lupus Erythematosus Disease Activity Index and high s
B-cell profile resembles that of healthy controls (manuscript in preparation)
relatively heterogeneous. Subset frequencies are the percentages of total B
of lymphocytes. DN, double negative; N + T, IgD+CD27− fraction that conta
CD24++CD38++ transitional B cells; UM, unswitched memory.
additional parameters may be particularly useful in sig-
naling pathway studies using phosphoprotein-specific
antibodies, as multiple pathways can be integrated and
combined with cell surface phenotype. Recently this ap-
proach has been used to characterize innate cell re-
sponses to influenza vaccine [98]. Equivalent studies of
B cells could extend already known alterations in auto-
immune B-cell receptor signaling [95] by simultaneously
analyzing Toll-like receptor and cytokine signaling to
understand how these pathways intersect and are dys-
regulated in rheumatic disease.
Imaging cytometry combines the throughput of flow

cytometry with fluorescent microscopy imaging capabil-
ities. Rather than providing only quantification, these
images provide information on molecular localization
and cell morphology while still maintaining the high
throughput and multiple parameter advantages of flow
cytometry [99]. Molecular localization is necessary to
understand many important biological processes. As an
example, image cytometry was used to quantify autopha-
gosomes in human and mouse B cells, demonstrating
that autophagy was increased in SLE and was required
for plasmablast development [100]. Cell morphology
data from imaging cytometry were also used to establish
the importance of cell polarization and asymmetric cell
division in B-cell antigen processing, a phenomenon that
has important implications for B-cell differentiation and
functional diversity [101].
The advances in PFC technology provide unprecedented

opportunities to carry out a large number of measure-
ments at the single-cell level in a high-throughput fashion.
This approach should provide a high-level definition of
the complexity of human B cells and of the multiple
LE-I SLE-II SLE-III 
CXCR3+ of SM 
CXCR3+ of DN 
UM 
SM 
DN 
CD19+ 
N+T 
T 
CD24- of SM 
CD24- of DN 
CD21- of SM 
CD21- of DN 

s lupus patients into distinct groups. Flow cytometry data from
nts were clustered independently by B-cell phenotypic profiles using
istance and complete linkage using a reduced feature set to avoid
rows) were logit-transformed and each cell subset was standardized
clustering. This approach segregated lupus patients into three distinct
reliminary analysis indicates that SLE-I cluster is enriched for patients
erum interferon alpha activity, in contrast to SLE-II cluster whose
. Note that the B-cell profiles among the healthy controls are
cells, unless indicated otherwise. CD19+ frequencies are percentages
ins both naïve and transitional cells; SM, switched memory; T,
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changes that characterize rheumatic diseases and their
response to treatment in general, and B-cell-targeting
agents in particular. In turn, this level of definition should
bear tremendous implications for the way we identify,
characterize and treat these diseases. B-cell profiles may
serve as biomarkers to estimate risk of disease progression
and to initiate early treatment that might halt disease pro-
gression or improve long-term outcome. Moreover, careful
definition of B-cell phenotype by PFC will enable the elu-
cidation of the functional properties of the different popu-
lations and of the molecular roadmaps responsible for
their abnormal behavior in disease, thereby leading to the
identification of new therapeutic targets.
Moving forward, our understanding of B cells in human

autoimmunity will be greatly enhanced by the consistent
use of a homogeneous nomenclature and multi-color
staining protocols with shared phenotypic markers. The
impact of these studies will be maximized by the ongoing
development of automated, multidimensional analytical
programs and shared public databases accessible to the
research community. Finally, it will be essential to perform
larger longitudinal studies that incorporate detailed
clinical information, to compare diverse autoimmune
conditions under the same experimental and analytical
parameters and to analyze autoimmune patients before
and after therapeutic intervention with B-cell-targeting
interventions.
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