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CD19 and CD32b Differentially Regulate Human B Cell
Responsiveness
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B cell activation is regulated by a variety of signals. CD19 positively regulates B cell activation, augmenting signals delivered

through the BCR complex. In contrast, CD32b contains an ITIM and negatively regulates BCR signaling. Importantly, there are

drugs currently in clinical trials and preclinical development that cross-link CD32b to molecules within the BCR complex. We

wanted to address how single engagement versus cotargeting these molecules affects human B cell function. When B cells from

healthy individuals were activated by signals that mimic a T cell response (IL-21 costimulation), ligation of CD32b, but not CD19,

inhibited B cell expansion and plasma cell (PC) differentiation. In contrast, when B cells were activated through TLR, anti-CD19,

but not anti-CD32b, blunted the response. However, when both CD19 and CD32b were coengaged by a bispecific anti-CD193CD32b

Ab, both types of stimuli were potently inhibited. Cross-linking CD19 with CD32b also inhibited Ab-independent functions of B cells,

such as HLA upregulation, cytokine production, and the ability of B cells to prime CD4+ T cells. Finally, although cross-linking CD19

and CD32b inhibited PC differentiation of primary B cells, it did not alter Ig production from pre-established PCs. These data

elucidate the mechanism by which a complex set of signals determines the fate of B cell responsiveness. Although signals through

CD19 influence TLR-driven activation, CD32b impacts the magnitude of the response following IL-21 costimulation. Therefore,

simultaneous targeting of multiple surface molecules may be a necessary approach to comprehensively modulate B cell activation

in vivo. The Journal of Immunology, 2014, 192: 1480–1490.

A
variety of autoimmune diseases, such as rheumatoid ar-
thritis (RA) and systemic lupus erythematosus (SLE), are
associated with chronic, polyclonal B cell hyperactivation.

Understanding the signals that regulate the qualitative and quanti-
tative response of these cells is critical for identifying efficacious
treatments for patients with B cell–mediated autoimmunity.
B cell expansion and differentiation are regulated by the balance

of signals delivered through activating and inhibitory receptors ex-
pressed on the surface of the cell. A number of molecules have been
identified that have the potential to dampen B cell responses. CD32b,
or FcgRIIb, is the only know inhibitory FcR and is expressed on
a variety of immune cells, including dendritic cells, macrophages,
neutrophils, and B cells (1). The inhibitory capacity of CD32b is
largely dependent on expression of an intracellular ITIM, which,
when phosphorylated, is responsible for recruitment of the phos-
phatase SHIP1 (2, 3). In the context of B cells, SHIP1 recruitment
results in decreased signaling downstream of the BCR and ulti-
mately leads to diminished BCR-dependent cell activation and Ab
production (4). Mice deficient in CD32b have increased Ab responses

to T cell–dependent Ags, supporting the critical role for CD32b in
regulating humoral immune responses (5). Similarly, deficiency

in CD32b in mice leads to chronic B cell activation and autoim-
munity (6), whereas B cell–specific overexpression of CD32b

reduces the incidence and severity of lupus in MRL lpr/lpr mice
(7). In humans, polymorphisms in CD32b are associated with an
increased prevalence of SLE (8, 9). These results suggest that Ab-

mediated engagement of CD32b could provide therapeutic benefit
in settings of autoimmunity by dampening the response of chroni-

cally activated B cells.
CD19 is a B cell–specific molecule that controls B cell acti-

vation by complexing with the BCR (10). CD19 is a member of

the Ig superfamily and is the dominant component for the sig-
naling complex on B cells that includes CD21, CD81, and CD225
(11). The cytoplasmic domain of CD19 contains nine tyrosine

residues, three of which appear critical for mediating its biologic
functions (12–14). More specifically, when phosphorylated, the

tyrosine residues on CD19 can recruit Src-family kinases and am-
plify signals through the BCR and other surface molecules (15).

B cells from CD19 gene–targeted mice have a diminished prolif-
erative response to mitogens and have decreased serum Ig pro-
duction (16, 17). Humans with CD19 deficiency have reduced

proliferative responses to BCR stimulation in vitro and mount
impaired Ab responses to vaccination (18). Further, CD19 expres-

sion can be dysregulated in autoimmunity. CD19 expression is
significantly increased on both naive and memory B cells from
patients with systemic sclerosis and correlates with increased se-

rum IgG and IgM levels in these patients, suggesting that CD19
may be functionally linked with Ab production in human disease

(19, 20). In lupus, one study (21) reported that, although CD19
was similarly expressed on naive and memory B cells, CD19 ex-
pression was decreased on plasmablasts compared with that of

normal donors. Other investigators reported that CD19 expression
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was decreased in naive and memory B cells isolated from lupus
blood (19). Importantly, studies demonstrated that B cell responses
can either be enhanced or inhibited through CD19, depending on
the stimulation milieu and the degree of cross-linking (22, 23).
Currently, there is an Ab-based drug in a phase 1b/2a clinical

trial that cross-links the inhibitory receptor, CD32b, to the acti-
vation receptor, CD19, in patients with moderate to severe RA
arthritis (Xencor, EudraCT Number: 2012-003057-29). Moreover,
Macrogenics reported that they are developing a Dual-Affinity Re-
Targeting (DART) drug that cross-links CD32b with CD79, a
signaling molecule for the BCR (24). Discerning how humoral
immune responses can be modulated by cotargeting these recep-
tors is critically important for delineating the effect of this ap-
proach in settings of autoimmunity.
To further elucidate the mechanisms by which CD32b and CD19

regulate human B cell responses, we compared the effect of indi-
vidual engagement versus cotargeting of these cell surface molecules
on human B cell expansion and plasma cell (PC) differentiation in
response to various activating cues. The data indicate that CD19
and CD32b regulate B cell responses differentially, depending on
the nature of the B cell stimulus. Although CD32b signals appear
critical for modulating activation in response to ligation of BCR,
IL-21R, and CD40, CD19 plays a role in regulating TLR-mediated
B cell activation. Importantly, cross-linking CD19 and CD32b with
either a bispecific or anti-Fc Ab resulted in potent inhibition of
B cell responses under a variety of stimulating conditions with cells
from both healthy individuals and patients with RA. Cotargeting
CD19 and CD32b may be an attractive way to broadly modulate
B cell responses, such as Ab production, cytokine production, and
APC functionality, in autoimmune diseases, such as RA and SLE,
in which chronic B cell activation is driven by a variety of cues and
can contribute to disease pathogenesis.

Materials and Methods
Cells from healthy donors

Human blood was collected from healthy donors following informed
consent. PBMCs were isolated from CPT tubes (BD Biosciences) following
centrifugation. Total B cells were negatively selected using MACS cell-
separation technology (Miltenyi Biotec), which routinely yielded purity
. 95%. The degree of purity and initial cell phenotype were determined by
flow cytometry for all experiments on day 0. Of note, B cell preparations
isolated using this method contain populations of both naive and memory
B cells, but PCs were excluded because of their expression of CD43, which
is targeted by the Ab-selection mixture of the MACS kit (Miltenyi Biotec).
B cell subsets were isolated by magnetic separation using naive, IgM+

memory, and IgG+ memory B cell kits, according to the manufacturer’s
instructions (Miltenyi Biotec). Additionally, total CD4+ T cells were iso-
lated by negative selection using MACS technology (Miltenyi Biotec).

Cells from RA donors

RA blood samples were obtained from the Warren G. Magnuson Clinical
Center Blood Bank (Bethesda,MD), as approved by the National Institute of
Arthritis and Musculoskeletal and Skin Diseases/National Institutes of
Health, and isolated as described above. The demographics and clinical
characteristics of these donors are shown in Table I.

Ab expression, purification, and characterization

All recombinant proteins used in this study were prepared at MedImmune.
Cloning, expression, and preparation of recombinant proteins were carried
out as described previously by Herbst et al. (25). The anti-CD19 Ab 6C11
was engineered at MedImmune (25). The anti-CD32b Ab hu2B6-3.5 was
described previously (26). To generate the anti-CD32b scFv, the VH do-
main was linked to the VL domain via a 15-aa linker (GGGGS)3. This scFv
was genetically linked to the C terminus of the CH3 domain of the anti-
CD19 Ab using an AAAGGGGS sequence to generate the bispecific Bs3Ab
(Supplemental Fig. 2). All Abs used in this study carry three mutations,
identified as TM, in the Fc region to ablate FcgR binding, as described by
Oganesyan et al. (27). The selection and characterization of the anti-TM
Ab (used to cross-link anti-CD19 and CD32b Abs) were carried out at

MedImmune, and its characterization will be published elsewhere. The
monomer content of the final purified constructs was.99%, as assessed by
SEC-MALLS (data not shown). Endotoxin levels in rAbs were assessed
using the Endo Chrome-K LAL Reagent Endosafe (Charles River) chro-
momeric assay kit with a disposable Limulus amebocyte lysate test car-
tridge. The endotoxin levels were consistently low (,0.1 EU/mg).

Culture conditions: purified B cells

Purified peripheral blood B cells were cultured at a density of 0.5–1.03 105

B cells/well in 96-well round-bottom plates in a final volume of 150–
200 ml complete medium. Culture medium for all experiments was RPMI
1640 (Invitrogen) supplemented with 10% FCS, penicillin-streptomycin
(100 U/ml penicillin, 100 mg/ml streptomycin), 2-ME (55 mM), L-gluta-
mine (2 mM), and HEPES (5 mM). At initiation of culture, B cells were
stimulated with either CpG-B (1 mg/ml; InvivoGen) or a combination of
IL-21 (33 ng/ml; PeproTech), anti-CD40 (0.1 mg/ml; goat IgG; R&D
Systems), and anti-IgM F(ab9)2 (5.0 mg/ml; Jackson ImmunoResearch
Laboratories). The concentration of Abs used in these experiments was
determined based on maximal inhibition achieved in extensive titration
studies (Supplemental Fig. 1). B cells were cultured for up to 21 d. For
some experiments, B cells were labeled with CFSE prior to culture.
Briefly, B cells were incubated with CFSE (10 mM; Invitrogen) diluted in
serum-free medium for 4 min with gentle rocking at room temperature.
Cells were quenched with FBS and washed extensively before culture. In
most experiments, control, parental, or bispecific Abs (0.1 mg/ml) were
added at the initiation of culture. Anti-TM Ab was added in some ex-
periments (0.1 mg/ml) to compare the effect using a bispecific format versus
cross-linking parental Abs. Bortezomib was used at a concentration of
100 ng/ml. To determine the effect of the parental or bispecific Abs on
pre-established PCs, Abs were added after 7 d of B cell stimulation.

B cell expansion

B cell expansion was determined in cultures of purified B cells stimulated as
described above. B cell expansion was quantified by measuring ATP on day
3 or 4 of culture using the CellTiter-Glo Luminescent Assay (Promega),
according to the manufacturer’s instructions, as we described previously
(28). Briefly, the CellTiter-Glo Assay (referred to as the ATPAssay) is used
to determine the number of viable cells in culture based on quantitation of
ATP levels, which are indicative of the number of metabolically active
cells. The CellTiter-Glo reagent leads to cell lysis and generation of a lu-
minescent signal that is proportional to the amount of ATP present. As
previously reported, the amount of ATP is directly proportional to the
number of cells (29).

Flow cytometry

Cells were cultured as described above. At a variety of time points, cells
were harvested and stained in round-bottom plates for 30 min at 4˚C. The
following combinations of Abs were used for flow cytometry: anti-CD19
(PerCP-Cy5.5 conjugated; clone SJ25C1 or clone HD37), anti-IgD (FITC
or PE conjugated; clone IA6-2), anti-CD38 (PE or allophycocyanin con-
jugated; clone HB7), anti-CD32 (PE conjugated; clone AT10), anti–HLA-
DR (V500 conjugated; clone G46-6), anti–HLA-A/B/C (PE Cy7 conjugated;
clone W6/32), and anti-CD86 (allophycocyanin Cy7 conjugated; clone GL1).
Anti-CD27 was often added to the mixture to confirm that the majority of
the memory B cells and PCs expressed the memory B cell Ag, CD27. Cells
were analyzed on an LSR II flow cytometer (BD Biosciences) using
FACSDiva software. All conditions were collected for the same amount of
time; thus, the number of events displayed is reflective of the relative cell
number. However, cell numbers were determined using AccuCount Particles
(Spherotech), according to the manufacturer’s recommendations. Quantifi-
cation of the number of CD19 and CD32 antigenic sites on human B cells
was performed using a QIFIKIT (Dako), according to the manufacturer’s
instructions.

Ig production

Secreted Ig was quantified by ELISA following stimulation of B cells for
the indicated number of days. Ninety-six–well flat-bottom plates were
coated overnight at 4˚C with either 5 mg/ml goat anti-human IgM or goat
anti-human IgG diluted in PBS. Plates were washed and blocked with
0.2% BSA in PBS. Supernatants were diluted and incubated in plates
overnight. Bound Ig was detected with goat anti-human IgM–alkaline
phosphatase or goat anti-human IgG–alkaline phosphatase (0.2 mg/ml;
Bethyl Laboratories) diluted in blocking buffer. Plates were developed
with SIGMAFAST p-Nitrophenyl Phosphate Tablets (Sigma Aldrich),
and specific absorbance was measured at 405 nm using a SpectraMax
microplate reader (Molecular Devices).
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Apoptosis assay

Apoptosis of B cells stimulated either with CpG-B or a combination of
IL-21, anti-CD40, and anti-IgM (culture conditions as described above) was
assessed after 2 d of culture using the Caspase Glo 3/7 Assay (Promega),
according to the manufacturer’s instructions.

Cytokine production

Supernatants from B cell cultures, activated as described above, were har-
vested after 2 d, and cytokine production was quantified using a multiplex
cytokine assay (Meso Scale Discovery), as per the manufacturer’s instructions.

MLR assay

B cells and CD4+ T cells were isolated from human peripheral blood, as
detailed above. CD4+ T cells were labeled with CFSE prior to culture.
Briefly, T cells were incubated with CFSE (10 mM; Invitrogen) diluted in
prewarmed serum-free media for 4 min with gentle rocking at room
temperature. The reaction was quenched with FBS, and the cells were
washed before culture. Responder CD4+ T cells were cultured with allo-
geneic stimulator B cells in 96-well round-bottom plates at B:T cell ratios
of 0:1, 1:1, 1:3, 1:10, and 1:30. Dilution of CFSE was quantified by flow
cytometry on day 4.

Statistics

Mean and SD of triplicate wells for each condition are shown. Statistical
analyses were performed using a one-tailed, two-sample t test. Significant
differences relative to controls are noted in the figures.

Results
CD19 and CD32b are expressed equally on human B cells

Densities of CD19 and CD32 on total peripheral blood B cells were
examined. Quantification of the number of antigenic sites revealed
that roughly equivalent numbers of CD19 and CD32 molecules
were expressed on the surface of B cells, with some donor-to-donor
variability, as expected (Fig. 1A). Approximately 3–63 104 CD19
and CD32 antigenic sites/B cell were calculated from each indi-
vidual donor.
Further, separating B cells based on surface expression of IgD

and CD38 allowed for determination of CD19 and CD32 ex-
pression on various B cell subpopulations from blood (Fig. 1B).
Importantly, both CD19 and CD32 were expressed at similar levels

on transitional B cells (IgD+ CD38hi), naive B cells (IgD+ CD38int),
postswitch memory B cells (IgD2 CD38int), and PCs (IgD2 CD38hi).
We confirmed that the majority of the transitional and naive B cells
did not express the memory B cell Ag CD27, whereas.90% of the
memory B cells and PCs expressed a high density of CD27 (data
not shown). These data suggest that the human B cell subsets ex-
amined have the potential to be regulated by these cell-signaling
Ags.

CD19 and CD32b differentially regulate B cell responses,
depending on the context of activation

To determine the effect of individually targeting CD19 or CD32b
on human B cell activation, blood B cells were purified and
stimulated under two conditions. To induce BCR-dependent ac-
tivation that mimics signals that might be received in the context of
a germinal center response, including activation by T cells, B cells
were stimulated with a combination of IL-21, anti-CD40, and anti-
IgM. Alternatively, B cells were stimulated with CpG-B, mim-
icking an extrafollicular B cell response in which B cell activation
can be achieved through TLR-dependent signals. Quantification
of B cell activation on day 4 revealed that both stimuli induced
significant B cell expansion, as determined by a 4–5-fold increase
in ATP units at this time point (Fig. 2A). Interestingly, targeting
CD32b inhibited IL-21/aCD40/aIgM-induced B cell expansion
by 74%, but it had no effect on CpG-B–induced cell growth.
Conversely, CD19 engagement inhibited CpG-B growth by 66%
without affecting expansion driven in the context of BCR ligation
and IL-21 costimulation (Fig. 2A). Similar results were observed
using CFSE as a measure of B cell proliferation (data not shown).
In addition to promoting B cell division, both stimulating

conditions induced differentiation of purified B cells into PCs by
day 7 of culture, as evidenced by the emergence of a significant
population of CD19+ IgD2 CD38hi cells (Fig. 2B). Similar to the
trends observed on B cell expansion, engagement of CD32b (but
not CD19) specifically inhibited IL-21/anti-CD40/anti-IgM–in-
duced PC differentiation (78% inhibition), whereas cross-linking
of CD19, but not CD32b, inhibited PC differentiation induced by

FIGURE 1. CD19 and CD32 ex-

pression on B cells. (A) The number

of CD19 and CD32 antigenic sites

on the surface of blood B cells was

quantified, as described in Materials

and Methods, from three healthy

donors. (B) Surface expression of

CD19 and CD32 on human periph-

eral blood B cell subsets was mea-

sured by flow cytometry. Red graph:

IgD+ CD38int (naive); blue graph:

IgD+ CD38hi (transitional); green

graph: IgD2 CD38int/lo (postswitched

memory); gray graph: IgD2 CD38hi

(PCs). One of three representative

donors is shown.
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CpG (42% inhibition) (Fig. 2B, 2C). These data suggest that
signals delivered through CD32b play an important role in regu-
lating BCR- and IL-21–induced B cell activation and differenti-
ation, whereas CD19 can influence BCR-independent responses,
such as those mediated by TLRs.

Cotargeting CD19 and CD32b results in broad-spectrum
inhibition of B cell responses

We next tested the effect of coengagement of CD19 and CD32b
on B cell expansion and PC differentiation. Cross-linking of CD19
and CD32b was achieved using different approaches. The mole-
cules were cotargeted using either the monospecific Abs in the
presence of an anti-TM Ab, which binds to the Fc portion of the
molecules, or with a bispecific-format Ab, which has the capacity
to bind both CD19 and CD32b (Bs3AB) (Supplemental Fig. 2).
As shown above, anti-CD32b alone significantly inhibited IL-21/
anti-CD40/anti-IgM–induced B cell expansion at day 4, whereas
anti-CD19 alone blunted CpG-B–driven responses (Fig. 3A).

Coaddition of anti-CD19 and anti-CD32b monospecific Abs did
not further reduce B cell expansion under either stimulation con-
dition. Additionally, cross-linking CD19 and CD32b either with an
anti-TM Ab or with Bs3Ab also did not significantly enhance the
inhibitory capacity over each monospecific Ab alone with regard to
B cell expansion at day 4 (Fig. 3A). Importantly, however, although
each monospecific Ab had a narrow inhibitory capacity that is de-
pendent on the context of stimulation, coengagement of CD19 and
CD32b using Bs3Ab inhibited B cell expansion under both IL-21–
induced and TLR-driven activation conditions (Fig. 3A).
PC differentiation was quantified following 7 d of activation.

CpG-induced PC differentiation was inhibited to a similar degree
when CD19 was targeted alone or in combination with CD32b
(with or without cross-linking). Notably, however, cross-linking
CD19 and CD32b on B cells with a bispecific Ab in the context
of IL-21, anti-CD40, and anti-IgM stimulation led to a more
significant reduction in PC differentiation than did targeting both
the CD19 or CD32b Ags in the absence of cross-linking. Although
coaddition of both anti-CD19 and anti-CD32b resulted in 50.4%
inhibition, addition of the bispecific Ab had the capacity to blunt
the PC differentiation by 80.1% (Fig. 3B). Importantly, these data
demonstrate that, unlike targeting CD19 or CD32b alone, cotar-
geting CD19 and CD32b results in broad-spectrum inhibition of
B cell expansion and differentiation in response to various acti-
vating cues.

The effect of Bs3Ab on cell death does not account for its
immunomodulatory activity

We next sought to determine whether the ability of Bs3Ab to
inhibit B cell responses was due to the induction of cell death.
Compared with unstimulated cells, there was a reduced percentage
of 7-aminoactinomycin D (7AAD)+ dead cells following stimu-
lation with either CpG-B or IL-21/anti-CD40/anti-IgM (18.7%
7AAD+ versus 10.4 and 12%, respectively) (Fig. 4A). Following
stimulation with IL-21/anti-CD40/anti-IgM, Bs3Ab had a modest
impact on cell survival, as evidenced by an increase in the per-
centage of 7AAD+ dead B cells in the presence of Bs3Ab com-
pared with unstimulated cells (27.6% versus 18.7%, respectively)
(Fig. 4A). In a readout of cell death using caspase 3/7 activity,
cells stimulated with IL-21, anti-CD40, and anti-IgM had increased
activity. Addition of Bs3Ab reduced caspase levels compared with
that found in stimulated cells. In the context of CpG-B activation,
the percentage of 7AAD+ cells in the presence of Bs3Ab was
comparable to unstimulated cells (19.3% versus 18.7%) (Fig. 4A).
Further, caspase 3/7 levels were equivalent in unstimulated cells
and CpG-B–stimulated cells in the presence of the bispecific Ab,
suggesting that Bs3Ab was not inducing cell death in CpG-B–
stimulated B cells (Fig. 4B). Overall, these data show that coen-
gagement of CD19 and CD32b can impact B cell survival, depending
on the nature of the activating milieu. Importantly, however, our
data show that, upon stimulation with CpG-B, Bs3Ab can suppress
B cell responses independently of a direct effect on cell death.

CD19 and CD32b differentially regulate naive and memory
B cells

Next, the ability of CD19 and/or CD32b to regulate the expansion
of specific B cell subsets was evaluated (Fig. 5). B cell subsets
from peripheral blood were isolated into naive, IgM+ memory, or
IgG+ memory fractions. IgM+ CD27+ preswitched memory B cells
expanded ∼5-fold in response to stimulation with IL-21, anti-
CD40, and anti-IgM following 4 d of culture, whereas naive
CD272 B cells and IgG+ CD27+ memory B cells expanded up to
12-fold over unstimulated cells (Fig. 5, top panels). Expansion of
B cells in response to CpG-B stimulation also varied between

FIGURE 2. Individually, engagement of CD19 or CD32b differentially

regulates B cell responses depending on the context of the stimulation.

Purified peripheral blood B cells were isolated from healthy donors and

stimulated with IL-21/anti-CD40/anti-IgM or CpG-B in the presence of

isotype control, anti-CD19, or anti-CD32b Abs. (A) Expansion was

quantified on day 4. (B and C) PC differentiation was quantified on day 7.

Frequency (B) and absolute number (C) of IgD2 CD38hi PCs are indicated.

One of five representative donors is shown. *p, 0.05, **p, 0.01, ***p,
0.005.
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subsets. Although naive B cells expanded 6–7-fold, IgM+ and
IgG+ memory B cells expanded 10–12-fold (Fig. 5, bottom pan-
els). As observed with bulk B cell populations, engagement of
CD32b on naive, IgM+ memory, or IgG+ memory B cells resulted
in blunted B cell expansion in response to stimulation with IL-21,
anti-CD40, and anti-IgM. However, CD32b was not able to mod-
ulate responses to CpG-B in all B cell subsets examined. Con-
versely to CD32b, engagement of CD19 impaired the response of
all purified B cell fractions in response to CpG-B but did not affect
responsiveness to IL-21 costimulation (Fig. 5). Importantly, cross-
linking CD19 with CD32b with Bs3Ab inhibited cell growth to
a similar degree in all B cell subsets in response to both IL-21
coactivation (∼78–91% inhibition achieved) and CpG-B stimula-
tion (∼65% inhibition achieved) (Fig. 5). These results suggest
that circulating naive and memory B cell subsets are equally
susceptible to regulation when CD19 and CD32b are cotargeted.

CD19 and CD32b modulate the responsiveness of B cells from
donors with RA

B cells from patients with autoimmune disease often display altered
phenotypes and respond abnormally to stimulation. To determine the

ability of Bs3Ab to modulate the activity of B cells from au-

toimmune individuals, a cohort of RA patients was studied.

Demographics and clinical characteristics for the RA cohort ex-

amined are provided in Table I. First, purified B cells from RA

patients were compared with that of healthy controls (HCs) with

regard to cell surface expression of CD19 and CD32b Ags (Fig.

6A). Although expression of CD19 was observed to be equivalent

on B cells isolated from HC and RA donors, there was a signifi-

cant reduction in CD32b Ag expressed on RA B cells (Fig. 6A).

Because rheumatoid factor (RF) is common in RA, it is possible

that RF binding of IgG bound to CD32b (FcgR) could interfere

FIGURE 3. Cross-linking CD19 and CD32b broadly

inhibits B cell responses. B cells were stimulated in the

presence of parental Abs alone (anti-CD19 or anti-

CD32b), parental Abs together without cross-linking

(anti-CD19+32b) or with cross-linking (anti-CD19+

3b+TM), or with Bs3Ab bispecific Ab. (A) B cell ex-

pansion was quantified on day 4 (ATP Units). (B) PC

number was assessed on day 7 by flow cytometry. One

of four representative donors is shown. *p , 0.05,

***p , 0.005. ns, Not significant.

FIGURE 4. Effect of Bs3Ab on B cell survival is

dependent on the activating milieu. B cells were

isolated from healthy donors and stimulated with

IL-21/anti-CD40/anti-IgM or CpG-B for 2 d in the

presence of isotype control (hIgG1) or bispecific

(Bs3Ab) Abs. (A) Percentage of 7AAD+ cells (dead

cells) is indicated. (B) Caspase 3/7 activity was

quantified on day 2. Data from one of two inde-

pendent studies are shown.

1484 REGULATION OF HUMAN B CELLS BY CD19 AND CD32b



with staining of CD32b. However, we noted no correlation between
soluble RF blood levels in these patients and downregulation of
CD32b (data not shown), suggesting that the downregulation of
CD32b noted in B cells isolated from RA patients was not due to
interference of RF.
To investigate the potential consequences of reduced CD32b

expression and possible CD19 dysfunction of B cells from RA
donors, purified blood B cells from RA patients were compared
with those from HCs with regard to the ability of CD19 and/or
CD32b to modulate B cell responsiveness. Purified B cells were
stimulated as above, and Ab production was assessed in cultures
on day 7 as a measurement of PC differentiation. Stimulation of
HC and RA B cells with IL-21, anti-CD40, and anti-IgM elicited
differentiation of PCs and significant production of IgG by day
7, whereas stimulation with CpG-B led to a predominance of
IgM production (data not shown, Fig. 6B). Addition of anti-
CD32b, but not anti-CD19, resulted in inhibition of IgG pro-
duction following IL-21 costimulation in RA patients similar to
HCs, regardless of reduced CD32b expression (Fig. 6B). Ad-
dition of anti-CD19, but not anti-CD32b, inhibited responses to
CpG in both HC and RA cultures, suggesting that CD19 on RA
B cells is functioning normally. Importantly, under both stim-
ulation conditions, cross-linking of CD19 and CD32b with the
bispecific Bs3Ab comparably inhibited Ig production from HC
and RA B cells (inhibition of IgG production: HC, 66% versus
66.5%, respectively; inhibition of IgM production: 51% versus
57%, respectively). These data imply that, despite altered ex-
pression of CD32b, therapeutics that cross-link CD19 and CD32b
may be beneficial for regulating B cell responses in settings of
autoimmunity.

CD19 and CD32b do not regulate Ig production from
pre-established PCs

Both newly differentiated and long-lived PCs are a source of
protective immunity against pathogens but can also contribute to
pathogenic autoantibody production in settings of autoimmunity.
We next wanted to understand the role of CD19 versus CD32b in
the control and regulation of established PCs. Importantly, a sub-
stantial fraction of PCs that produce Ig express both CD19 and
CD32, and we reported that in vitro–differentiated PCs also ex-
press measurable densities of CD19 (21, 28, 30). PCs were gen-
erated by stimulating purified human B cells with either CpG-B or
with a combination of IL-21, anti-CD40, and anti-IgM. By day
seven, a population of terminally differentiated, CD19+ IgD2

CD38hi PCs was present, as we reported previously (28, 31). All
B cell populations in the culture, including the PCs, maintained
high expression of CD19, comparable to levels expressed on
unstimulated B cells (Fig. 7A, top panels). CD32b expression was
also maintained on all B cell subsets examined following 7 d of
stimulation, with PCs expressing higher levels of CD32b than
unstimulated B cells (Fig. 7A, bottom panels). To assess the role
of CD19 and/or CD32b on Ig production of these pre-established
PCs, these molecules were engaged with both mono- and bispe-
cific Abs. As was shown previously in this system (28), addition of
bortezomib, a proteasome inhibitor, completely blocked PC dif-
ferentiation under these culture conditions and, thus, IgG pro-
duction when added at the initiation of culture (Fig. 7B, upper
left panel, blue line). Moreover, bortezomib also inhibited pre-
established PCs from continuing to produce IgG when added
after 7 d in culture (Fig. 7B, upper left panel, red line). Consistent
with our earlier results, when anti-CD32b or Bs3Ab was added at
the initiation of B cell culture, IgG production was inhibited by 63
or 80%, respectively, following activation with IL-21, anti-CD40,
and anti-IgM (Fig. 7B, lower panels, blue line), whereas anti-
CD19 was unable to inhibit IgG production (Fig. 7B, upper
right panel, blue line). Interestingly, however, none of the Abs was
able to blunt IgG production when added to cultures containing
pre-established PCs at day 7, as noted by a continued increase in
IgG concentration (Fig. 7B, lower panels, red line). These results
suggest that, unlike primary B cells, neither CD19 nor CD32b
influences Ig production by terminally differentiated PCs.

Targeting CD19 and CD32b inhibits cytokine production, as
well as T cell priming, by B cells

In addition to the production of Abs, B cells have diverse functions
that contribute to the development and maintenance of autoimmune

FIGURE 5. Coengagement of CD19 and

CD32b inhibits both naive and memory B cell

subsets. Naive, IgM+ memory, and IgG+ mem-

ory blood B cell subsets were stimulated with

IL-21/anti-CD40/anti-IgM (upper panels) or

CpG-B (lower panels). B cell expansion was

quantified on day 4. ***p , 0.005.

Table I. RA cohort demographics and clinical characteristics

N 14
Age (y; mean 6 SD) 51.2 6 13.3
Gender 86% female
CRP (mg/ml) 14.27 6 19.7
CCP titer (IgG) 76.9%
DMARD
Methotrexate 78.6%
Antimalarial 71.4%
Anti-TNF 42.9%

Number of patients on other drugs: mycophenolate mofetil (1), corticosteroids
(6), azathioprine (1), and leflunomide (1).

CRP, C-reactive protein; CCP, cyclic citrullinated peptide; DMARD, disease-
modifying antirheumatic drug.
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disease progression. More specifically, B cells produce immuno-
modulatory cytokines and act as APCs capable of promoting T cell
priming and expansion (32). We next determined the effect of
cotargeting CD19 and CD32b on cytokine production by human
B cells. Stimulation with either CpG-B or a combination of IL-21,
anti-CD40, and anti-IgM induced B cells to secrete IL-6, IL-8, IL-
10, and TNF-a (Fig. 8A). Interestingly, addition of Bs3Ab to these
cultures selectively inhibited the production of IL-6, IL-10, and
TNF-a but had no effect on IL-8 production (Fig. 8A).
The ability of B cells to serve as APCs relies on the expression

of HLA molecules, as well as costimulatory ligands, such as CD40
and CD80/CD86. We next determined the effect of Bs3Ab on the

expression of these molecules. Following stimulation with either
CpG-B or IL-21, anti-CD40, and anti-IgM, there was a significant
increase in the expression of HLA-DR and HLA-A/B/C (Fig. 8B).
Expression of CD86 was also increased under these conditions
(Fig. 8B). Targeting CD19 and CD32b with Bs3Ab significantly
blunted the upregulation of HLA-DR but did not impact the ex-
pression of HLA-A/B/C or CD86 (Fig. 8B). To determine the
effect of diminished HLA-DR expression on the ability of human
B cells to prime CD4+ T cell expansion, an allogeneic MLR assay
was performed. As expected, ∼3% of CD4+ T cells responded to
allogeneic HLA, as noted by CFSE dilution of the T cells after
4 d in culture with B cells at a 1:1 ratio (Fig. 8C). The percentage

FIGURE 6. Despite reduced surface expression of

CD32, B cells from donors with RA are susceptible to

inhibition through CD32b. (A) CD19 (upper panel) or

CD32 (lower panel) surface expression was measured

on blood B cells from HCs and patients with RA. (B)

Purified B cells from HC and RA donors were stimu-

lated with IL-21/anti-CD40/anti-IgM (left panel) or

CpG-B (right panel) in the presence of parental or

bispecific Abs, and Ig production was quantified on day

7. Representative data from one of seven RA donors

tested is shown in (B). *p , 0.05. ns, Not significant.

FIGURE 7. Cross-linking CD19

and CD32 on pre-established PCs

does not inhibit Ig secretion. (A) CD19

or CD32 surface expression was mea-

sured on cultures of purified blood B

cells on day 7. Total cells in culture

(left panels). Gated on IgD2 CD38hi

PCs (right panels). (B) Purified B

cells were stimulated with IL-21/anti-

CD40/anti-IgM, and IgG production

was measured on the days indicated.

Black line: IgG levels over 21 d in the

absence of inhibitor; blue line: test

agent indicated was added at the ini-

tiation of culture, and IgG levels were

assessed on day 7; red line: test agent

indicated was added after ∼25% of B

cells had differentiated into PCs on

day 7, and IgG levels were assessed

on days 10, 14, and 21. One of four

independent studies is shown.

1486 REGULATION OF HUMAN B CELLS BY CD19 AND CD32b



of responding T cells was reduced in a dose-dependent manner
with diminishing B cell numbers (Fig. 8C, 8D). Importantly,
Bs3Ab significantly reduced the ability of CD4+ T cells to respond
to allogeneic B cells (Fig. 8C, 8D). These results provide critical
evidence that cotargeting CD19 and CD32b can affect both hu-
moral and Ab-independent aspects of the B cell response.

Discussion
The activation of human B cells is a complex process in which a
number of cell surface receptors regulate the activation threshold
of the cell. B cells can be activated in the context of T-dependent
responses, which largely take place in the germinal center and are
associated with Ag stimulation through the BCR in the context of
T cell–derived costimulatory signals, such as IL-21 and CD40L
(33). Alternatively, B cells can be activated by T-independent Ags:
for example, by signals delivered through TLRs. Chronic activa-
tion of self-reactive B cells may be initiated through several path-
ways; understanding the underlying mechanisms that control and
regulate B cell responsiveness may prove beneficial in settings of
autoimmunity.
In this study, we further elucidated the role of CD19 and CD32b

in B cell activation and differentiation by using Abs that engage
CD19 or CD32b. The ability of these Ags to coordinately modulate
B cell responses was also determined when they were coengaged
with cross-linking or with a bispecific Ab. Interestingly, our data
demonstrate that CD19 and CD32b differentially inhibit B cell
expansion and PC differentiation, depending on the nature of
the activating stimuli, when engaged with monospecific Abs. Abs
directed against CD32b inhibited B cells activated in the context of
BCR signals and costimulation through IL-21R and CD40. These
results are in alignment with several publications (2–4) that showed
that ligation of CD32b leads to dephosphorylation of BCR-associated
ITAM and decreased downstream calcium flux, expansion, and dif-
ferentiation. Additionally, anti-CD32b inhibited IgG secretion from
B cells stimulated with IL-21 and anti-CD40 in the absence of BCR
engagement (data not shown), suggesting that CD32b can regulate
signals delivered through IL-21R and CD40, independently of effects

on the BCR. In contrast to IL-21 and BCR signals, we show that
engagement of CD19, but not CD32b, with a mAb inhibited CpG-
B–induced B cell activation and PC differentiation. Previous
studies in mice identified a link between CD19 and TLR signaling
in B cells. LPS signaling induces phosphorylation of CD19 (34),
and mice deficient in CD19 have decreased proliferative responses
to LPS in vitro (19). Further, CD192/2 mice have reduced fibrosis
and autoantibody titers in a bleomycin model, which is driven
largely by hyaluronan-induced TLR responses (35). Indeed, our
study provides novel data that demonstrate a role for CD19 in the
regulation of TLR9 signaling in human B cells.
Importantly, although engagement of either CD19 or CD32b has

the ability to regulate B cell activation under select conditions,
cross-linking these molecules with a bispecific Ab potently in-
hibited the expansion and differentiation of human B cells activated
under conditions that mimic both T-dependent and T-independent
responses. In addition to the conditions described above, we found
that cross-linking CD19 and CD32b inhibited B cell activation and
differentiation in response to various combinations of activating
cues, including IL-21/anti-CD40, anti-IgM/anti-CD40, and anti-
CD79 alone (data not shown). Further, we demonstrate that na-
ive, IgM+ memory, and IgG+ memory B cells from circulation are
all susceptible to inhibition by CD19 and CD32b. These data
cumulatively suggest that cotargeting CD19 and CD32b broadly
inhibits B cell responses.
The ability to regulate B cell responses in vivo by targeting

CD32b has been studied in several animal models. Using a model
of collagen-induced arthritis, Veri et al. (36) demonstrated that
prophylactic dosing of a bispecific “DART” molecule that targets
CD32b and CD79 delayed disease onset. Importantly, therapeutic
dosing of this “DART” Ab following disease onset also reduced
disease severity (36). Additionally, studies were carried out in
rodent models using an Fc-engineered anti-CD19 Ab with
increased affinity for CD32b (37). In an immunization setting,
cotargeting CD19 and CD32b suppressed the humoral immune
response, including reduced production of IgM, IgG, and IgE
isotypes following challenge with a T-dependent Ag (37).

FIGURE 8. Coengagement of

CD19 and CD32b inhibits cytokine

production and APC functionality

of human B cells. Purified B cells

were stimulated with IL-21/anti-CD40/

anti-IgM or CpG-B. Cytokine produc-

tion (A) and expression of costimula-

torymarkers (B) weremeasured on day

2. (C) B cells were cocultured with

CFSE-labeled CD4+ T cells in the in-

dicated ratios in the presence of con-

trol Ab or Bs3Ab. On day 4, dilution

of CFSE was quantified by flow

cytometry. Plots shown are gated on

CD4+ T lymphocytes. (D) Quantifi-

cation of CFSEdim CD4+ T cells

from (C). Average and SDof triplicate

wells are shown for one of three rep-

resentative donors tested. *p , 0.05,

**p , 0.01, ***p , 0.005.
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The effect of cotargeting CD19 and CD32b has also been studied
in humans. Chu et al. (38) generated an Fc-engineered anti-CD19
Ab with increased affinity for CD32b (referred to as IIbE), which
has recently begun a Ph1b/2a clinical trial in patients with RA.
Unlike the approach described in this study in which CD32b is
specifically targeted with the scFv of an Ab, this Fc-engineered
construct has greatly increased affinity for CD32b but also retains
its natural binding to CD32a and to FcgRI. Consistent with our
results, the investigators demonstrates that IIbE inhibits BCR-
induced calcium flux and B cell proliferation. Importantly, these
studies were conducted by stimulating human B cells with anti-
CD79b to induce BCR activation, and the investigators report that
coengagement of BCR and CD32b by IIbE under these conditions
induces enhanced apoptosis of B cells (38). Our studies extend
these findings and characterize the effect of cross-linking CD19
and CD32b in the context of both BCR-dependent and -indepen-
dent signals. Interestingly, data reported in this article demonstrate
that engagement of CD19 and CD32b, using a bispecific or cross-
linking Ab, can impact cell survival, but this effect is influenced
by the nature of the activating milieu (Fig. 4). Although previous
studies indicated (38) that coengagement of CD32b and BCR
induces robust cell death, we show that inhibition of TLR-driven
responses occurs independently of effects on cell death. Although
cotargeting CD19 and CD32b can modestly impact B cell survival
following stimulation with IL-21, anti-CD40, and anti-IgM, the
impact on death does not account for the robust ability of Bs3Ab
to inhibit B cell expansion and differentiation. Differences in these
two studies may reflect a different mode of inhibition when CD32b
is engaged by a mutated Fc versus the scFv of an Ab. Alternatively,
the disparity may be a result of the context of signals in which the
BCR was engaged. Chu et al. (38) engaged CD32b in the context
of BCR signals alone. In contrast, our studies deliver a CD32b
signal with BCR ligation and costimulation by IL-21 and CD40,
an array of stimuli that more closely mimics the signals that a
B cell is likely to receive in vivo during an immune response. In
this context, although BCR signaling is likely attenuated by the
bispecific Ab, IL-21 and CD40 signals may partially rescue cells
from death (31). Importantly, the data presented in this article
demonstrate that it may be possible to tune cellular activation
without directly killing B cells in vivo. Further, we show that
targeting CD19 and CD32b with a bispecific or cross-linking Ab
potently inhibited downstream readouts, such as B cell expan-
sion, PC differentiation, and Ig production.
The most likely benefit of a bispecific Ab that modulates B cell

activation by targeting CD19 and CD32b would be observed in
autoimmune patients in whom chronically activated B cells con-
tribute to disease pathogenesis. Importantly, a number of studies
demonstrated that regulation of FcgR expression and function
could be a determining factor in autoimmunity. CD32 expression
is reduced on monocytes in SLE and RA patients (39), whereas
NK cells from RA patients have reduced expression of both
CD16 (FcgRIII) and CD32a (FcgRIIa) and increased expression
of CD32b (40). Shifts in expression patterns of CD32a and CD32b
were also noted on macrophages from RA patients (41). Impor-
tantly, surface expression of CD32b is reduced on SLE B cells
(42) and is associated with increased calcium flux and activation
in response to BCR ligation (42, 43). Further, polymorphisms in
CD32b are associated with SLE (44–46). In this study, we show
that CD32b expression is also reduced on circulating B cells from
RA patients. This reduced expression of CD32 could contribute to
the hyperactivation of RA B cells in vivo. Importantly, however,
despite reduced expression of CD32b, engagement of CD32b
blunted PC differentiation and Ig production from primary RA

B cells, similar to what we observed with B cells from healthy
donors.
Although single or coengagement of CD32b with CD19 blocked

the differentiation of PCs in vitro, it did not impact Ig production
by pre-established PCs. These results were somewhat surprising
given a previous study (30) that demonstrated that ligation of
CD32b induces apoptosis of murine PCs and human plasmablasts.
Several possibilities could account for these differences. First,
unique stimulation conditions were used to generate PCs in these
studies. Although Xiang et al. (30) used a combination of soluble
CD40L and IL-4 to stimulate B cells, studies presented in this
article used CD40 signals with IL-21 and BCR ligation, which
were shown previously to induce the differentiation of terminally
differentiated, noncycling PCs (31). Moreover, IL-21 was shown
to increase the survival of some subsets of PCs, including those
isolated from secondary lymphoid tissues (47). Therefore, the
addition of IL-21 may have been sufficient to prevent apoptosis.
Additionally, these earlier studies demonstrated a modest increase
in cell death among plasmablasts using annexin V staining following
8 h of ligation with CD32b. In contrast, our studies measure Ig
production by PCs over the course of 3 wk. CD32b engagement
may induce apoptosis of a subset of plasmablasts in culture, but our
data suggest that it does not induce cell death of the terminally
differentiated PCs capable of sustained Ab production.
B cells have diverse functions that contribute to disease pro-

gression in settings of autoimmunity. In addition to the production
of pathogenic autoantibodies, B cells play an immunomodulatory
role through the production of proinflammatory cytokines and by
the presentation of self-Ags via HLA molecules (32). Notably, in
a human clinical trial using B cell–depletion therapy in patients
with lupus nephritis, remission following B cell depletion was
associated with a significant decrease in the expression of CD40L
on CD4+ T cells (48). These results suggest that B cells play a
critical Ab-independent role in autoimmune disease by regulating
the activation of CD4+ T cells. Importantly, we demonstrate that
cotargeting CD19 and CD32b with a bispecific approach has the
ability to dampen both the cytokine response of B cells, as well as
their ability to prime CD4+ T cells in allogeneic MLR cultures,
presumably as the result of the downregulation of HLA and
costimulatory Ags.
Cumulatively, the data presented in this article elucidate the

differential regulation of adaptive immune responses by CD19 and
CD32b. These data suggest that cross-linking CD19 and CD32b
regulates primary human B cells from both healthy donors and
patients with RA in response to a variety of activating cues. The
mechanism of action of a bispecific Ab that cross-links CD19 and
CD32b likely mimics that of immune complexes. Importantly, the
data presented in this article suggest that coengagement of these
molecules does not result in a synergistic signal or a dramatic
enhancement of inhibition. Rather, coengagement of CD19 and
CD32b promotes simultaneous blockade of two pathways that are
triggered by distinct signals. In vivo, particularly in autoimmune
disease in which autoantibodies, such as anti-DNA, are present, it is
most likely that BCR- and TLR-driven pathways are activated
concurrently. Therefore, only coinhibition of both signals is likely
to have a significant effect on B cell activation in this setting.
Importantly, modulation of B cell activity using a bispecific ap-
proach also could provide a safer alternative to B cell–depletion
therapy for autoimmune patients who are likely to require long-
term treatment. Future studies are required to identify targets that
have the ability to specifically inhibit long-lived PCs and could be
used in a complementary approach to provide additional benefit to
patients with autoantibody-mediated disorders.
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