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Aiolos Overexpression in Systemic Lupus Erythematosus
B Cell Subtypes and BAFF-Induced Memory B Cell
Differentiation Are Reduced by CC-220 Modulation of
Cereblon Activity

Yumi Nakayama, Jolanta Kosek, Lori Capone, Eun Mi Hur, Peter H. Schafer, and
Garth E. Ringheim

BAFF is a B cell survival and maturation factor implicated in the pathogenesis of systemic lupus erythematosus (SLE). In this
in vitro study, we describe that soluble BAFF in combination with IL-2 and IL-21 is a T cell contact-independent inducer of
human B cell proliferation, plasmablast differentiation, and IgG secretion from circulating CD27* memory and memory-like
CD27 IgD™ double-negative (DN) B cells, but not CD27 IgD" naive B cells. In contrast, soluble CD40L in combination with IL-2
and IL-21 induces these activities in both memory and naive B cells. Blood from healthy donors and SLE patients have similar
circulating levels of IL-2, whereas SLE patients exhibit elevated BAFF and DN B cells and reduced IL-21. B cell differentiation
transcription factors in memory, DN, and naive B cells in SLE show elevated levels of Aiolos, whereas Ikaros levels are unchanged.
Treatment with CC-220, a modulator of the cullin ring ligase 4-cereblon E3 ubiquitin ligase complex, reduces Aiolos and Ikaros
protein levels and BAFF- and CD40L-induced proliferation, plasmablast differentiation, and IgG secretion. The observation
that the soluble factors BAFF, IL-2, and IL-21 induce memory and DN B cell activation and differentiation has implications for
extrafollicular plasmablast development within inflamed tissue. Inhibition of B cell plasmablast differentiation by reduction of
Aiolos and Ikaros may have utility in the treatment of SLE, where elevated levels of BAFF and Aiolos may prime CD27*
memory and DN memory-like B cells to become Ab-producing plasmablasts in the presence of BAFF and proinflammatory

cytokines.

response to foreign pathogens by a complex network of

activities including BCR Ag recognition, Ag presentation,
cytokine secretion, and differentiation into Ab-producing plas-
mablasts and plasma cells. The development of B cells and Ag-
induced maturation leading to Ab class selection and secretion
has been well studied and is broadly characterized as T cell-de-
pendent and —independent processes (1). In T cell-independent
Ab development, naive B cells are activated in the absence of
T cells by Ags such as polysaccharides that crosslink BCRs or by
activation of TLRs in the extrafollicular regions of secondary
lymphoid organs, where the activated B cells proliferate and dif-
ferentiate into short-lived low-affinity Ab-producing plasmablasts.

B cells play a major role in the development of the immune
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In T cell-dependent driven processes, naive B cells in the extra-
follicular regions of secondary lymphoid organs bind Ags to the
BCR, and internalize and process these Ags for MHC class II
presentation to cognate Ag-recognizing TCRs that in turn induce
CD40L expression on the T cell surface. Subsequent binding of
CDA40 on B cells to CD40L on T cell in the presence of continued
Ag BCR stimulation can induce extrafollicular proliferation and
short-lived plasmablast differentiation or induce migration to
germinal centers, where they can undergo a variety of fates in-
cluding differentiation into memory cells, affinity maturation by
hypersomatic mutation, or differentiation into plasmablasts and
long-lived plasma cells.

Peripheral circulating B cells represent the net balance of cells
that are trafficking to and from the bone marrow, secondary
lymphoid organs, and peripheral tissues at various stages of
maturation, development, and activation, thus reflect ongoing
homeostatic immune surveillance activity. Alterations in circu-
lating memory B cells, plasmablasts, plasma cells, and Ab levels
often accompany the pathology observed in autoimmune diseases.
For example, changes in the ratios of circulating CD27* memory
B cells to CD27  naive B cells have been described for rheumatoid
arthritis (RA) (2), systemic lupus erythematosus (SLE) (3-6),
and Sjogren’s syndrome (7). Blood levels of CD27 IgD™
double-negative (DN) B cells with memory-like cell characteris-
tics are elevated in SLE (8-10) and RA (11, 12). Plasmablasts in
the blood also have been described to be elevated in autoimmune
disease including multiple sclerosis (13), RA (11, 12), and SLE (6,
14). In SLE, high levels of memory B cells, plasmablasts, and
anti-dsDNA Ab reappearance after B cell-depleting therapy are
correlated to increased rates of disease relapse (15, 16). The
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ramifications of these increased circulating autoreactive memory
B cells and plasmablasts are that they can lead to their appearance
in affected disease tissue, where they enhance local concentrations
of Ab and immune complexes, such as observed in the inflamed
kidney of a lupus nephritis mouse model (17). The observation
that plasma cells appear in areas of T cell-B cell interaction in
lupus nephritis kidneys suggests that components of a T cell-
driven B cell activation and differentiation into Ab-secreting cells
may take place locally (18).

Soluble factors that may play a role in B cell differentiation in the
presence of T cells include IL-2, IL-21, and the B cell-stimulatory
cytokine, BAFF. IL-21 is a member of the common vy-chain cy-
tokine family shown to play a central role in plasmablast and
plasma cell differentiation during T cell-dependent B cell re-
sponses (19, 20). In humans, IL-21 is mainly produced by acti-
vated peripheral CD4" T cells and follicular Th cells (21, 22).
IL-21 regulates B cell apoptosis, growth arrest, costimulation, and
differentiation depending on the nature of the activation signals
(23-25). For example, IL-21 induces maximum proliferation and
produce Abs when costimulated with CD40L, but induces apo-
ptosis when costimulated with anti-IgM in mice and human (19,
26). IL-21 and BAFF synergize in stimulating plasma cell dif-
ferentiation from human splenic memory B cells (27). IL-2 is
predominately a T cell-derived cytokine that promotes B cell
proliferation and enhances the effects of IL-21 in inducing plas-
mablast by CD40L stimulation (19, 28, 29). The levels of both
cytokines are altered in SLE and thought to play a role in path-
ogenesis (30-33).

BAFF is known to be a B cell survival and maturation factor
and is expressed by a wide variety of cell types, including
monocytes, activated neutrophils, T cells, and dendritic cells (34—
36). BAFF is produced as type II transmembrane protein and
cleaved into its soluble form at a furin protease site and released in
a soluble form (36). BAFF binds to three different receptors:
BAFF receptor (BAFF-R), transmembrane activator and Ca?*
modulator and cyclophilin ligand interactor (TACI), and B cell
maturation Ag (BCMA), the functions of which are reviewed
elsewhere (37, 38). Although BAFF may remain in an active
membrane-bound form, soluble BAFF is required for B cell ho-
meostasis and enhances the survival of plasmablasts (39, 40).
BAFF is elevated in the blood of SLE patients and is associated
with the pathogenesis of SLE (41-45). BAFF-transgenic mouse
studies demonstrated that overexpression of BAFF results in de-
velopment of SLE-like autoimmune pathology including in-
creased autoantibody production (46—48). Belimumab (Benlysta),
a specific inhibitor of BAFF, shows significant efficacy in
evidence-based clinical trials for SLE, further supporting the role
of BAFF in SLE pathology (49-54).

CC-220 is a modulator of the cullin ring ligase 4-cereblon
(CRLA®BN) E3 ubiquitin ligase complex, which induces ubiquitination
of the CRBN substrates Aiolos (encoded by the gene IKZF3) and
Ikaros (encoded by the gene IKZF1), resulting in their proteaso-
mal degradation (55-57). Although thalidomide and related com-
pounds bind both murine and human CRBN, only human CRBN
induces ubiquitination and degradation of Aiolos and Ikaros (58).
CC-220 has a similar binding mechanism and also does not induce
murine aiolos and ikaros degradation (data not shown), precluding
mouse cell or SLE disease model testing. Aiolos and Ikaros are
key ikaros family zinc-finger transcription factors that regulate
lymphoid and myeloid cell development and immune homeostasis
(59). Aiolos and Ikaros are crucial for the function of mature
B cells in the periphery and are required for the generation of
high-affinity Ab-secreting bone marrow plasma cells (60-62).
Studies suggest an essential role of Aiolos at later stages of B cell
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differentiation (61, 63). Numerous studies have identified poly-
morphisms in IKZF1 and IKZF3 to be associated with a risk for
development of SLE (64-71). Thus, modulation of Aiolos and
Ikaros expression has the potential to correct multiple aspects of
the immune dysregulation mediated by B cells and differentiation
into autoantibody-secreting cells associated with SLE.

We investigated soluble factors associated with SLE that
may contribute to plasmablast differentiation and Ab secretion
from circulating human memory, DN, and naive B cell subsets.
Our data show that BAFF in the presence of IL-2 and IL-21 can
induce plasmablast development from CD27" memory B cells
and CD27 IgD™ DN B cells, whereas having no effect on naive
B cells. Mimicking T cell-dependent processes by CD40L treat-
ment of B cells demonstrate a broader capacity to induce B cell
differentiation from memory, DN, and naive B cell populations.
We found that Aiolos expression is increased in B cells from SLE
patients along with increased levels of circulating DN B cells and
BAFF, suggesting that memory and DN B cells may contribute to
and be predisposed toward plasmablast differentiation in SLE.
Plasmablast differentiation, whether induced by BAFF or CD40L,
is prevented by modulation of CRBN activity with CC-220, which
induces degradation of the B cell differentiation factors Aiolos
and Ikaros. These findings provide a possible scenario whereby cir-
culating memory and DN B cells are primed to differentiate into
Ab-secreting plasmablasts by overexpression of Aiolos, and that
the soluble factors BAFF, IL-2, and IL-21 have the potential for
inducing plasmablast and Ab production from memory B cells in
nonsecondary lymphoid organ niches and in inflamed tissue.
Downregulation of these B cell differentiation processes by CC-
220 modulation of CRBN provides a new therapeutic approach to
treating B cell-mediated pathology in SLE.

Materials and Methods

Human B cell isolation

Human buffy coats were obtained from The Blood Center of New Jersey
(East Orange, NJ) or New York Blood Center (New York, NY). Leukopacks
from healthy control donors (HCs) were from Biological Specialty (Colmar,
PA). PBMCs were isolated by density gradient centrifugation using Ficoll
(GE Healthcare) followed by EasySep Human Naive B Cell Enrichment
Kit (Stemcell Technologies, Vancouver, BC, Canada) or combination of
EasySep human B cell enrichment and memory B cell isolation kit (Miltenyi
Biotec, San Diego, CA) according to the protocol provided by the man-
ufacturers. Purity was >96% for naive B cells, >85% for memory B cells,
and >90% for total B cells as confirmed by flow cytometry.

Patients and healthy individuals

PBMC:s were freshly isolated from buffy coats of SLE patients and HCs, and
used either fresh or frozen until use. Frozen PBMCs of SLE patients and
HCs were thawed, cultured at 1 X 10”/ml in 100 wl in 96-well plate,
and stained for surface marker analysis by flow cytometry or cultured with
DMSO or CC-220 (1, 10, and 100 nM) for 24 h or 5 d as indicated. SLE
patient demographics and SLE activity index scores, when available,
ranged from 5 to 17 (Supplemental Table I).

Cell culture, activation, and CellTrace labeling

Cells were cultured at 1 X 10%ml in 100 wl in 96-well plate using
IMDM (Life Technologies, Carlsbad, CA) with 10% FCS, 1% penicillin/
streptomycin, and 0.05% insulin. The cells were cultured with anti-IgM
(5 pg/ml; Jackson ImmnoResearch Laboratories, West Grove, PA), solu-
ble CD40L (50 ng/ml; R&D Systems, Minneapolis, MN), and anti-
polyhistidine mAb (5 pg/ml; R&D Systems), or BAFF (200 ng/ml;
R&D Systems), IL-2 (20 U/ml; R&D Systems), and IL-21 (100 ng/ml;
Life Technologies), as indicated in each figure. In some experiments, cells
were labeled with CellTrace Violet (Life Technologies) according to the
manufacturer’s instruction to assess proliferation. In brief, purified B cells
were washed and resuspended at a concentration of 2.5 X 10° cells/ml in
PBS with 1 pM CellTrace Violet (Life Technologies), incubated at 37°C
for 10 min, quenched with 10% FBS-containing media, and washed two
times before culture.
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Reagents

The Abs used for surface B cell markers and p-STAT3 were from BD
Biosciences (San Jose, CA): anti—-CD19-PE-CF594 (clone H1B19), anti—
CD20-PerCP-Cy5.5 (clone L27), anti-CD21-allophycocyanin (clone
B-ly4), anti—-CD23-Alexa Fluor 700 (clone M-L233), anti-CD27-BV786
(clone L128), anti—-CD27-allophycocyanin (clone L128), anti-CD38-PE-
Cy7 (clone HB7), anti-CD95 FITC (clone DX2), anti-IL-21R-PE (clone
17A12), anti-IgD-allophycocyanin-H7 (clone 1A6-2), anti-IgM-BV510
(clone G20-127), anti-IgG-BUV395 (clone G18-145), anti-CD45-V450
(clone HI30), anti—-CD183-Alexa Fluor 700 (clone 1C6/CXCR3), anti—
Aiolos-Alexa Fluor 488 (clone S50-895), anti-Ikaros-Alexa Fluor 647
(clone R32-1149), anti-STAT3 (pY705) PE (clone CF594). Polyclonal
rabbit anti-Aiolos was from Santa Cruz Biotechnology (Dallas, TX), and
rabbit anti-Tkaros (clone EPR9342) was from Abcam (Cambridge, MA).
Live/Dead Fixable Blue stain (Life Technologies) was used to exclude
dead cells. Cells were pretreated with DMSO (Sigma) or 1, 10, and 100
nM Celgene compound CC-220 for 1 h at 37°C before stimulating under
the indicated conditions.

Flow cytometry

Multicolor flow cytometry was performed using an LSRII Fortessa and
FACSDiva 8.0 (Becton Dickinson, San Jose, CA). In brief, all cells were
harvested from 96-well plates on day 5 and stained for Live/Dead stain,
then surface markers for B cells for 30 min at room temperature, and then
fixed, permeabilized using a Transcription Factor Buffer Set (BD) for
Aiolos or Ikaros staining. Cells were acquired with CountBright (Life
Technologies) to calculate the number per microliters and analyzed by
FlowJo (Tree Star).

Cell sorting

Four-way sort was performed using a BD FACSAria Cell Sorter (Becton
Dickinson) based on CD19, CD20, CD27, IgD, and IgG expression. B cells
were negatively enriched before sorting. Sorted cells were pretreated with
CC-220 at 1, 10, or 100 nM for 1 h at 37°C and cultured at 2 X 10°/ml in
100 .l volume in 96-well culture plate for 5 d using IMDM with 10% FCS,
1% penicillin/streptomycin, and 0.05% insulin. The culture conditions are as
follows: media control, CD40L (50 ng/ml) and anti-polyhistidine mAb
(5 pg/ml), or BAFF (200 ng/ml), with IL-2 (20 U/ml) and IL-21 (100 ng/ml),
as indicated in each figure.

ELISA

Secreted IgM and IgG in the culture supernatant and BAFF in normal and
SLE donor serum were quantified by ELISA using human IgM and 1gG
ELISA kits or Human BAFF ELISA Kit from Abcam, according to the
manufacturer’s recommendations, and read at 450 nm.

MagPix

The frozen SLE (n = 10) and normal (n = 8) serum patient samples were
analyzed in triplicate for cytokine production in a magnetic multiplex bead
format using the MagPix instrument (Millipore, Billerica, MA). The fol-
lowing analytes were tested in a Human Cytokine Multi-Plex Panel:
IFN-y, IL-2, IL-17A, IL-21, and TNF-a (EMD Millipore). Data analysis
was performed using Milliplex Analyst Software (Millipore). All of the
data were graphed using GraphPad Prism 5.0 (GraphPad Software, La
Jolla, CA).

Real-time quantitative RT-PCR

On day 5, naive or memory B cells were harvested, and total RNA
was isolated with RNeasy Mini kits using QIA Cube system (Qiagen) or
QIA HT System (Qiagen). Reverse transcription was performed using
the high-capacity cDNA kit (Life Technologies). Real-time quantita-
tive RT-PCR with 25-100 ng of total RNA was performed using the
reverse transcription kit and TagMan PCR probes specific for the genes
of interest according to standard methods using Viia7 (Applied Bio-
systems). The quantity was normalized to GAPDH as the endogenous
housekeeping gene. Fold increase of gene expression was calculated
using the comparative threshold cycle method (2744CY Primers used
are as follows: IRF4 (Hs01056533_m1), XBP1 (Hs00231936_m1), IgJ
(Hs00376160_m1), PRDM1 (Hs00153357_m1), and AICDA Hs00757808_m1
(Life Technologies).

Western blot

A total of 1 X 10° cells was treated with DMSO or CC-220 (1, 10, or 100 nM)
in IMDM for 15 min, 2 h, or 24 h at 37°C. The cells were centrifuged
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and the cell pellet lysed in 100 pl of RIPA buffer (Cell Signaling
Technologies) and incubated on ice for 30 min. The lysates were then
spun through a QIAshredder to break up DNA in the lysate. Lysates
were stored at —80°C until use. Lysates were diluted with a premade 5X
SDS loading buffer (made by mixing 0.5 ml of 0.5 M Tris/HC1 + 0.4 ml
2-ME + 2 ml glycerol + 1.6 ml 10% SDS + 0.4 ml 0.5% bromophenol
blue + 3.1 ml water) and boiled for 10 min before loading the gel. The
lysates were then run on 12% Tris-HCI precast gels (Invitrogen, Grand
Island, NY). The gels were run at 150 V until the protein of interest
reached two-thirds of the gel. The proteins were then transferred to
nitrocellulose membrane (Invitrogen) using the Invitrogen I-blot system.
The membranes were blocked using Odyssey Blocking Buffer (LI-COR
Biosciences, Lincoln, NE) for 1 h at room temperature on a shaker. After
1 h, the membranes were probed with Ab diluted in Odyssey Blocking
Buffer (1:1000). The membranes were incubated overnight at 4°C with
gentle shaking. The next day, the membranes were washed three times
for 5 min each with a 1 X mixture of TBST. LI-COR secondary Ab was
added to each membrane. The secondary Ab was diluted 1:25,000 in
Odyssey Blocking Buffer. Membranes were incubated for 1 h at room
temperature in the dark. The blots were then washed three times for 5
min each in 1 X TBST followed by washing 1X in PBS to remove Tween
20. Blots were analyzed for fluorescence intensity on the LI-COR
Odyssey.

Statistical analysis

Statistical comparisons were made with the one-way ANOVA followed by
Dunnett’s multiple comparison tests or Student ¢ test when comparing two
groups using GraphPad Prism 6.0. The p values <0.05 were considered
significant.

Results

BAFF costimulation with IL-2 and IL-21 selectively induces
plasmablast differentiation from CD27" memory versus
CD27" naive B cells

To examine the role of BAFF on B cell function, we investigated
the differentiation potential of naive and memory B cells in three
model systems of B cell activation using anti-IgM, CD40L, and BAFF.
Naive and memory B cells were isolated from human PBMCs using
surface CD27 expression, which is a general marker for somatically
mutated B cells (72). Cells were broadly defined as CD27  naive
B cells and CD27* memory B cells. Plasmablasts were identified
by the upregulation of CD38 and the downregulation of CD20
expression on their cell surface (73, 74). IL-2 and IL-21 were
tested alone and in combination for their ability to induce dif-
ferentiation from total B cells and were found to be corequired
factors for optimal plasmablast differentiation (Supplemental Fig.
1). Therefore, all subsequent experiments with purified B cell
subsets were tested in the absence and presence of a combina-
tion of IL-2 and IL-21. Corequirements of IL-2 and IL-21 optimal
CD40L-induced naive B cell differentiation have been previously
reported (19, 28). In this study, a combination of IL-2 and IL-21 in
the absence of additional stimuli was found to have negligible
levels of plasmablast differentiation (Figs. 1, 2), but enhanced cell
survival effects on naive B cells (Supplemental Fig. 2). Memory
B cell survival was greater than that of naive B cells in the absence
of added factors and was not further enhanced by IL-2 and IL-21
(Supplemental Fig. 2). In the absence of IL-2 and IL-21, none of
the stimuli tested (BAFF, anti-IgM, or CD40L), alone or in
combination, were able to induce plasmablast differentiation from
either naive or memory B cells (Fig. 1). Naive B cells in the
presence of IL-2 and IL-21 did not respond to BAFF or anti-IgM,
whereas CD40L induced significant proliferation (Fig. 2) and
plasmablast development (Fig. 1). Further enhancement of naive
B cell differentiation induced by CD40L was observed when ad-
ditional stimuli from BAFF, anti-IgM, or BAFF and anti-IgM to-
gether were added. Thus, CD40L is the dominant driving agent of
naive B cell differentiation when IL-2 and IL-21 are present, with
the potential for synergy when other stimuli not normally sufficient
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FIGURE 1. BAFF induces plasmablasts from memory B cells, but not from naive B cells. CD27 " naive B cells (A and €) and CD27* memory B cells (B

and D) were isolated from human PBMCs, left untreated, or cultured with indicated stimuli for 5 d. (A and B) Representative dot plots in indicated
conditions. Total CD19"* B cells [(A) naive and (B) memory] were gated and analyzed for differentiation by expression of CD20 and CD38; the number in
the plot is the percent of plasmablast among CD19* B cells. (C and D) Graphs show the percent of plasmablast among CD19" B cells in the indicated

conditions (mean = SEM). Dot plots are representative of multiple donors. Statistical comparisons were made with one-way ANOVA followed by
Dunnett’s multiple-comparison test. Naive B cells: n = 12; memory B cells: n = 6. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.

for naive B cell differentiation are added, such as BAFF and
anti-IgM.

Memory B cell plasmablast differentiation responses displayed
both similarities and differences to naive B cells. Similar to naive
B cells, memory B cells did not become plasmablasts in the absence
of IL-2 and IL-21, regardless of stimuli (BAFF, anti-IgM, or
CDA40L alone or in combination). Unlike naive B cells, IL-2 and
IL-21 alone could induce low levels of plasmablast differentiation

from memory cells (Fig. 1). Moreover, differentiation of memory
B cells by IL-2 and IL-21 was greatly enhanced by BAFF and
anti-IgM, which had not been observed in naive cells. CD40L in
the presence of IL-2 and IL-21 significantly induced memory cell
differentiation, as was observed for CD40L effects on naive B cells.
Notably, CD40L-induced plasmablasts showed a wider range of
CD38 expression compared with the high expression of CD38
observed in BAFF-treated plasmablasts (Fig. 1). A similar CD38
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FIGURE 2. Plasmablasts induced by anti-IgM, CD40L, or BAFF are actively dividing B cells. (A) Representative histogram for dividing cells by CellTrace dilution
(left). The numbers in histograms are percent of dividing cells among CD19" B cells. Graphs shown (right) are the mean percent = SEM of the number of dividing cells in
naive (top) and memory (bottom) B cells after 5 d stimulation with the indicated conditions. (B) Representative dot plot for gating of plasmablast and nonplasmablasts.
CDI19" B cells were gated as plasmablast (CD20'°CD38™) and nonplasmablast (CD20"CD38'°), and analyzed for proliferation by CellTrace dilution. (C) Graphs
are shown as the mean percent = SEM of dividing cells in nonplasmablast (left) and plasmablast (right) from naive (top) and memory (bottom) B cells under the
indicated conditions on day 5. Representative histograms from the data are shown below the graphs. Statistical comparisons were made with one-way ANOVA
followed by Dunnett’s multiple-comparison test. Naive B cells: n = 12; memory B cells: n = 6. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.

expression phenomenon was reported in studies using the two-step
in vitro B cell differentiation culture system with IL-2, IL-10,
CD40L, and BAFF in other studies (40, 75).

Interestingly, when BCR stimulation by anti-IgM is combined
with IL-21, it reduced the number of naive B cells significantly
because of cell death, but not of memory B cells. Because BCR
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activation and IL-21 were previously shown to cause cell death in
total B cell populations (19, 76), we assessed the survival of naive
and memory B cells after stimulation with anti-IgM and IL-21.
Anti-IgM or IL-21 alone increased the survival of naive B cells
compared with media control. The combination of anti-IgM and
IL-21, however, increased cell death in naive B cells. In contrast,
anti-IgM stimulation of memory B cells was resistant to IL-21 cell
death effects. This IL-21-induced cell death was specific for anti-
IgM because no increased cell death was observed by IL-21 in the
presence of either BAFF or CD40L (Supplement Fig. 2).

To assess the correlation of differentiation and proliferation, we
assessed cell division in plasmablast (CD20'°CD38™) and non-
plasmablast (CD20"CD38'°) gated populations after 5 d of culture
treatments (Fig. 2). In both naive and memory B cells, all the
plasmablasts were dividing, whereas nonplasmablasts were in a
mixed state of dividing and nondividing cells depending on the
stimulus. This would suggest that proliferation precedes or at least
is corequired for plasmablast differentiation in the systems tested
in this study. In BAFF, anti-IgM, or a combination of BAFF and
anti-IgM—treated cells, there were dividing and nondividing cell
populations. In contrast, CD40L alone or in combination with
other stimuli induced proliferation in all of these nonplasmablast
cells. Thus, similar to plasmablast differentiation, the effects of
CD40L on proliferation are greater than BAFF or anti-IgM on
both naive and memory B cells. Once plasmablast differentiation
occurs, however, the proliferation level is indistinguishable from
the stimuli that generated them under the conditions tested.

Because it has been reported that IL-21 and BAFF can induce
plasmablast cells from a unique population of splenic memory
B cells referred to as human splenic marginal zone analog (MZA)
B cells (27), we profiled the peripheral blood—derived memory
cells used in this study to determine whether there were similar-
ities between MZA and circulating CD27" memory B cells. MZA
B cells have been defined as CD21"CD23~CD27*IgD" IgM*'~
IgG* " TACI"BCMA ~BAFF-RMCD95"B220™, whereas follicular
B cells are CD21*~CD23"CD27 IgD"IgM"IgG TACI BCMA~
BAFF-R*CD95"B220'° (27). CD27* memory B cells in PBMCs are
CD217CD23*CD27*CD95 gD IgM"IgG"B220" TACI' BCMA*
BAFF—Rhi, and CD27 " naive B cells in PBMCs are CD21"CD23*
CD95" gD IgMIgG"B220" TACI" BCMA *BAFF-R"CD21"CD23*
(data not shown). Thus, we conclude that the circulating CD27*
memory B cells we used in this study are a distinct population not
derived from recirculating splenic MZA B cells.

Because Ab production is a key functional feature of plasma-
blasts, we evaluated IgM and IgG in the culture supernatants of
cells treated with IL-2 and IL-21 in the absence and presence
of combinations of BAFF, anti-IgM, and CD40L (Fig. 3). Levels of
secreted Ab reflected the degree of plasmablast differentiation. As
discussed earlier with proliferation and plasmablast differentiation
experiments on naive B cells, CD40L was required for optimal
secretion of IgM and IgG from these cells in the presence of IL-2
and IL-21, with little to no IgM or IgG secretion induced by BAFF
and anti-IgM (Fig. 3). In the absence of IL-2 and IL-21, little IgM
or IgG was secreted by CD40L, BAFF, or anti-IgM stimulation of
naive B cells (data not shown). Memory B cells produced large
amounts of IgM and IgG by all three stimuli (BAFF, anti-IgM, and
CDA40L) in the presence of IL-2 and IL-21, with IL-2 and IL-21
stimulation alone inducing lower levels of Ab secretion (Table I).

CD27 IgD™ DN B cells exhibit a memory-like phenotype and
differentiate to 1gG- and IgM-secreting plasmablasts in
response to BAFF and CD40L

We further investigated a circulating CD27 IgD™ DN B cell
subset reported to be increased in SLE patients (8, 77). These
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cells are one of four subpopulations that can be defined using
surface expression of CD27 and IgD (Fig. 4A) and are referred to
as CD27*IgD™~ switched memory (SwM) B cells, CD27"IgD"*
double-positive nonswitched memory (NSM) B cells, CD27 1gD™"
mature naive B cells (naive), and CD27 IgD ™ DN B cells.

In agreement with prior reports, we find that circulating CD27 "~
IgD™ DN B cells are elevated in SLE (Fig. 5B). The identity of
DN B cells and function is unknown; however, there is a corre-
lation between the degree of DN B cell expansion and higher
autoantibody titers in SLE that suggest that they are either directly
or indirectly involved in autoantibody responses (10). To investi-
gate the difference between these subpopulations, we character-
ized the phenotype and function of CD27 IgD" and CD27 IgD™
populations using normal PBMCs. As shown in Fig. 4B, CD27 "
IgD* naive and NSM express no or very low-surface IgG and
high-surface IgM, respectively, whereas DN and SwM highly
expressed surface IgG and low or no IgM. DN B cells expressed
increased CD95 and decreased IL-21R compared with IgD* naive
B cells, which mimics memory B cell characteristics (Fig. 4C) (8).

We sorted B cell subpopulations based on CD27 and IgD
expression, and tested the potential of CD27 IgD* naive and DN
B cells to differentiate into plasmablasts. The purity of sorted
population was >93% for naive and 92% for DN B cell pop-
ulations, with the contaminating cells being represented by
overlapping low borderline detection of IgD™~ cells. No con-
taminating CD27" cells were detected in either population. As
shown in this study (Fig. 4D), CD27 IgD* naive B cells dif-
ferentiated into plasmablasts by IL-2, IL-21, and CD40L treat-
ment, but not by IL-2, IL-21, and BAFF treatment, similar to the
results observed when stimulating the broader CD27 naive
B cell population (Figs. 1, 4D). In parallel with plasmablast
differentiation, CD40L induced IgG secretion from CD27 IgD™*
naive B cells, but BAFF was unable to induce IgG secretion
(Fig. 4F). DN B cells were similar to CD27* memory B cells in
that they differentiated into plasmablasts when treated with IL-2,
IL-21, and CD40L, as well as when treated with IL-2, IL-21, and
BAFF (Figs. 1, 4D, 4E).

Plasmablast differentiation parallels Ab production where IL-2
and IL-21 in combination with either CD40L or BAFF induces IgG
and IgM production from DN B cells, but with notable reduced
BAFF potency relative to CD27* memory B cells. In CD27*
B cells, BAFF in the presence of IL-2 and IL-21 induced high
levels of secreted IgG and IgM (8.5 and 3.2 pg/ml, respectively;
Fig. 3B), but in DN B cells, only low levels of secreted IgG and
IgM (36 and 25 ng/ml, respectively; Fig. 4F) were observed. In
comparison, CD40L stimulated CD27" B cell secretion of IgG and
IgM (7.5 and 8.6 pg/ml, respectively; Fig. 3B) to similar high
levels as CD40L stimulated DN B cell secretion of IgG and IgM
(6.7 and 2.0 pg/ml, respectively; Fig. 4F). Together, these results
suggest that DN B cells phenotypically and functionally resemble
memory B cells in the capacity to differentiate into plasmablasts
and to secrete IgG and IgM when treated with either CD40L or
BAFF in the presence of IL-2 and IL-21. Although CD40L and
BAFF both induced DN B cell plasmablast differentiation, CD40L
was more potent than BAFF at inducing IgG and IgM secretion.

Alterations of circulating B cell subtypes and overexpression of
Aiolos in SLE

We investigated the levels of circulating B cell populations, B cell
protein biomarkers, BAFF, and cytokine levels in SLE (Fig. 5,
Supplemental Fig. 3). Although the overall level of circulating total
CD19" B cells was similar between HCs and SLE, there were dif-
ferences in the ratio of subpopulations of B cells. CD27  naive B cell
and IL-21R™ B cell populations were both significantly increased in
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SLE samples; correspondingly, the CD27* memory B cell population
was reduced. On further investigation, the IL-21R" population was
found to correspond to CD27  naive B cells, confirming that these two
are the same populations (Fig. 5A). Further analysis with IgD ex-
pression revealed a significant increase of DN B cells in SLE patients
among the CD27 B cell population (Fig. 5B). NSM was slightly, but
not significantly, decreased in SLE patients, and there were no dif-
ferences in the levels of CD27 IgD" naive and SWM B cells.

The protein expression levels of Aiolos and Ikaros, transcription
factors important for immune cell development and homeostasis
that have been genetically linked to the risk for development of
SLE, were measured in the subpopulations of B cells in HCs and
SLE patients. In all four subpopulations tested (CD27 IgD~ SwM,
CD27*IgD" NSM, CD27 IgD" naive, and CD27 IgD™ DN B cells),
Aiolos protein levels were increased in SLE patients, whereas there
was no difference in Ikaros protein levels (Fig. 5C).

We compared the phenotypes of four subpopulations of B cells
by staining surface B cell markers used to determine B cell sub-
types and activation state (Fig. 5D). In brief, CD23'°" and CD21'°%
B cells are functionally more immature; correspondingly, the
CD21"" B cells produce more IgM compared with CD21™ B cells
(78, 79). CD21 is a BCR coreceptor that is downregulated in

activated B cells. Interestingly, decreased surface expression of
CD21 and CD23 are observed in the lupus mice model and SLE
patients in support of these cells being in an activated state (80—
84). B220 identifies an isoform of the phosphatase CD45 present
on naive B cells reduced in activation states and dysregulated in
lymphoproliferative disorders (85). Lastly, CD95 (Fas, the receptor
for the apoptosis-inducing Fas ligand) is upregulated on activated
B cells (86, 87). An overall trend was evident in the four B cell
subsets tested in this study that show SLE B cells to be in a more
activated state (lower CD21, CD23, and B220 and higher CD95). In
CD27 IgD  naive B cells, expression of CD21, CD23, B220, and
IL-21R were decreased and CD95 was increased in SLE patients;
in DN B cells, CD21 and B220 were significantly decreased and
CD95 trended toward an increase in SLE patients; SWM and NSM
B cells expressed decreased CD21 and B220 and increased CD95
as well (Fig. 5D). There were no significant differences in expres-
sion of the three BAFF receptors TACI, BCMA, and BAFF-R be-
tween normal and SLE donors in all B cell subpopulations.

BAFF, IL-2, and IL-21 were also measured in HCs and SLE
patients. Circulating BAFF was significantly increased in SLE
patients, with no change in IL-2 and a reduction in IL-21 being
observed (Supplemental Fig. 3).
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BAFF and CD40L induction of IgM and IgG secretion from naive and memory B cells with IL-2 and IL-21

Table 1.

+ IL-2/IL-21

Anti-IgM/CD40L/BAFF

Anti-IgM CD40L BAFF Anti-IgM/CD40L Anti-IgM/BAFF BAFF/CD40L

Media

Media

2,381 * 536.8%*
4,093 = 692.7**
8,343 + 1,898.3*
11,428 * 2,260.7+*

6,225 * 783.9%**
2,707 = 456.5%*

84 = 18.7*

1996 + 367.0%*
3565 = 692.4%*

4779 *+ 888.7%*

135 = 30.4*
125 = 52.7

6306 = 901.3***
2094 = 505.3*

2 *+6.7

19 =74

345 + 75.3
3619 * 1286.7*

19.0 £ 53

77 £22
20* 1.0

Naive IgM (ng/ml)
Naive IgG (ng/ml)

128 = 42.8
1458 = 3233

7.7 42

11,127 = 2215.0%*
9,783 * 1633.0*

3176 = 919.3*

8595 * 2045.3%*
7503 = 1452.0%*

746 *= 324.0
2456 *+ 1092.0

4.7

5=+
13 £ 43

Memory IgM (ng/ml)
Memory IgG (ng/ml)

7987 + 2023.7* 7463 = 1734.0*

8465 *+ 2023.7%*

Naive and memory B cells were cultured under indicated conditions. IgM and IgG in culture supernatant were measured by ELISA on day 5. Numbers are mean concentration = SEM. n = 8 for naive B cells, n = 9 for memory B cells.

*p < 0.05, #¥p < 0.005, ##%p < 0.001, ***#p < 0.0001, one-way ANOVA compared with IL-2/IL-21-only condition.
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CC-220 reduces Aiolos and Ikaros in HCs and SLE patients
independent of IL-21 STAT3 signaling

Results thus far show distinct plasmablast differentiation re-
quirements of naive and memory B cells distinguished by BAFF,
novel DN B cell BAFF-induced plasmablast differentiation and Ab
secretion, and SLE-associated alterations in circulating B cell
subpopulations and activation states, as well as elevations in the
B cell differentiation transcription factor Aiolos. CC-220 is a
modulator of the CRLAREN E3 ubiquitin ligase complex, which
induces ubiquitination of the CRBN substrates Aiolos and Ikaros,
resulting in their proteasomal degradation (55-57). CC-220 has
the chemical name 2,6-piperidinedione, 3-[1,3-dihydro-4-([4-(4-
morpholinylmethyl)phenyl]methoxy)-1-oxo-2H-isoindol-2-yl]-,
(3S)-, hydrochloride (1:1), and an m.w. of 485.96 (Fig. 6A). We
also investigated the effects that CC-220 might have on IL-21
signaling in B cells. IL-21 signals through IL-21R to induce
B cell plasmablast differentiation through STAT3 (28, 88), with
differential requirements in naive and memory B cells (89). IL-21
stimulation of B cells induced rapid STAT3 phosphorylation in
both naive and memory B cells primed with CD40L and anti-IgM
that was unaffected by pretreatment of cells with CC-220 (Fig. 6B),
further supporting the specificity for Aiolos and Ikaros mechanisms
proposed for inhibition of B cell differentiation. The effects of CC-
220 on Aiolos and Ikaros protein levels and cellular function were
examined in B cells from HCs and SLE patients. Treatment of
B cells with CC-220 degrades Aiolos and Ikaros in normal B cells
within 2 h of treatment (Fig. 6C). To further examine the effects of
CC-220, we treated PBMCs from HCs and SLE patients with CC-
220 (1, 10, and 100 nM) for 24 h and measured Aiolos and Ikaros
protein levels in naive, DN, SwM, and NSM B cell subsets
(Fig. 6D). CC-220 reduced Aiolos and Ikaros protein levels sig-
nificantly in all four of the B cell subsets measured (naive, SWM,
NSM, and DN) from both HCs and SLE patients within 24 h in a
dose-dependent manner.

CC-220 reduced expression of transcription factor genes
mediating B cell differentiation

To further investigate the mechanism of CC-220 action during
plasmablast differentiation, we measured the expression of genes
involved in B cell differentiation. CD27~ naive and CD27"
memory B cells were treated with CC-220 with BAFF or CD40L
stimulation and assessed on day 5 for expression of IFN regulatory
factor 4 (IRF4), X-box-binding protein 1 (XBP1), B lymphocyte—
induced maturation protein 1 (Blimp1), and Ig joining chain (IgJ).
Blimpl, XBP1, and IRF4 are essential transcription factors up-
regulated during plasmablast differentiation, and IgJ is required
for IgM and IgA secretion and similarly upregulated during
plasmablast differentiation (90-92). In BAFF-induced plasmablast
differentiation conditions, Blimp1, XBP1, IRF4, and IgJ were all
decreased by CC-220 treatment whether in naive or memory-
treated B cells (Fig. 7). Mixed effects were observed by CC-220
treatment of CD40L-stimulated naive and memory B cells. CC-
220 increased IRF4 expression in both naive and memory B cells
when treated with IL-2 and IL-21 and CD40L, and reduced the
expression of XBP1, Blimpl, and IgJ in naive B cells, but only IgJ
in memory B cells. XBP1 and Blimp1 were unchanged by CC-220
treatment of CD40L-stimulated memory B cells.

CC-220 differentially inhibits proliferation, differentiation, and
Ab secretion from naive and memory B cells

Because in this study CC-220 reduced Aiolos and Ikaros protein
levels in all B cell types tested, and at least one or more genes involved
in B cell differentiation, we investigated the possibility that CC-220
would prevent BAFF- and CD40L-induced proliferation and
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plasmablast differentiation of CD27~ naive and CD27" memory
B cells (Fig. 8). Because naive B cells do not respond to BAFF,
but do respond to a combination of IL-2, IL-21, and CD40L
(Fig. 1), only stimulus conditions including CD40L are shown for
the effects of CC-220 on proliferation and differentiation for naive
B cells (Fig. 8A). For naive B cells stimulated with IL-2 and IL-21
in the presence of CD40L alone or in combination anti-IgM,
BAFF, or anti-IgM and BAFF together, inhibition of induced na-
ive B cell proliferation (>85%) and plasmablast differentiation

(>80%) was observed at 10 nM treatment with CC-220. For
memory B cells stimulated with IL-2 and IL-21 in the presence of
CD40L or BAFF alone or in the combinations indicated, inhibition
of induced memory B cell proliferation (62-91% depending on
stimulus) and plasmablast differentiation (55-96% depending on
stimulus) was observed at 10 nM treatment with CC-220
(Fig. 8B). When compared under the same CD40L-stimulating
condition, naive B cells are more sensitive to CC-220-inhibitory
effects at 10 nM treatment than observed for memory B cells
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(Fig. 8E). This is consistent with the effects of CC-220 on B cell
differentiation factor gene expression, where three genes mea-
sured (XBP1, BLIMPI1, and IgJ) were reduced in naive cells after
CD40L treatment, but in memory B cells, only Ig] was reduced
(Fig. 7). For memory B cells, differential CC-220 effects were
observed in that CC-220 was more efficacious at inhibiting BAFF-
induced proliferation and plasmablast differentiation than ob-
served for CD40L-stimulated cells (Fig. 8F). Interestingly, this
correlates to the inhibitory effects observed for CC-220 on B cell
differentiation genes where all four measured B cell differentia-

tion gene factors (IRF4, XBP1, BLIMPI, and IgJ) were reduced in
BAFF-treated memory B cells, but only IgJ inhibition was ob-
served for CD40L-treated cells (Fig. 7).

We further investigated the effects of CC-220 on the secretion of
IgM and IgG in naive and memory B cells under the same BAFF,
CD40L, and anti-IgM stimulation conditions used in the prolif-
eration and plasmablast differentiation cultures. Naive and memory
B cells were treated with vehicle or CC-220, stimulated and cul-
tured for 5 d as described earlier, and IgM and IgG in the culture
supernatant were measured by ELISA. CC-220, as observed for
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then exposed to IL-21 for 15 min and p-STAT3 levels determined in CD19*CD27" naive B cells (left) or CD19*CD27™ memory B cells (right) by flow
cytometry. (C) B cells from HCs were treated with the indicated amounts of CC-220 for 0.25, 2, 6, and 24 h at 37°C, and expression of Aiolos and Ikaros were
measured by Western blot. (D) Inhibition of Aiolos (top) and Ikaros (bottom) expression by CC-220 in indicated populations are shown as mean percent = SEM
relative to untreated HC Aiolos or Ikaros expression (n = 10). Statistical comparisons are by one-way ANOVA and Dunnett’s multiple-comparison test
compared with HC vehicle control: *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.

inhibition of proliferation and plasmablast differentiation (Fig. 8),
inhibited both IgM and IgG secretion under each stimulus con-
dition in a dose-dependent manner (Fig. 9). Consistent with the
prior differential effects of CC-220 on cell type and stimulus
described for proliferation and differentiation, CC-220 inhibition
of CD40L-induced Ab secretion was found to be more potent on
naive B cells relative to memory B cells (Fig. 9A, 9B). Also

similar to the differentiation effects of CC-220 (Fig. 8), IgM and
IgG production from memory B cells stimulated with BAFF were
more sensitive to the inhibitory effects of CC-220 relative to
memory B cells stimulated with CD40L (Fig. 9C).

BAFF induces isotype class switch through BAFF-R and TACI
interactions (35, 93). An early stage of this process is via a class
switch recombination initiated by activation-induced cytidine
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deaminase, which converts cytosines in S regions and Ig variable
DNA regions to uracils by deamination leading to dsDNA nicking
for recombination events to occur (94, 95). CC-220 did not reduce
activation-induced cytidine deaminase expression in activated
B cells, indicating that inhibition of class-switched IgG secretion
occurs after this early stage of differentiation (data not shown).

CC-220 inhibits plasmablast differentiation from DN B cells

Our data demonstrate that DN B cells express memory-like surface
protein markers, differentiate in response to BAFF or CD40L, and
secrete IgG and IgM. The elevation of circulating DN B cells and
their overexpression of Aiolos in SLE suggests that these cells can
be a contributor to lupus disease pathology. We therefore tested
CC-220 for the potential to modulate DN B cell differentiation and
secretion of IgG and IgM after stimulation with BAFF or CD40L.
Purified DN B cells were treated for 1 h with 10 nM CC-220 and
incubated for 5 d in the BAFF or CD40L differentiation culture
media followed by assessment of plasmablast and secreted Ab
levels. As observed with the broader CD27~ naive and CD27*
memory B cell populations, IL-2 and IL-21 were required co-

oot ot o’ T MET M T MET T

CC-220 [M] CC-220 [M] CC-220 [M]

=

factors for differentiation and Ab secretion (Fig. 10). Similar to
CC-220 on the naive and memory B cells (Figs. 8, 9), CC-220
effectively reduced plasmablast differentiation (Fig. 10A) and Ab
production (Fig. 10B) from DN B cells in both CD40L and BAFF
stimulus conditions.

CC-220 inhibits plasmablast differentiation and Ab production
from SLE B cells

To test whether CC-220 has similar functional inhibitory effects
on SLE B cells as was observed for HC B cells, we cultured total
B cell cultures derived from HCs and SLE patients with 10 nM
CC-220 for 1 h followed by IL-2/IL-21/BAFF treatment for 5 d,
and tested for plasmablast differentiation and IgG and IgM
production. Plasmablast differentiation in total B cell cultures was
inhibited by 40% in both HC and SLE B cell cultures (Fig. 11A).
IgG Ab production was inhibited by 41 and 38% in HC and SLE
B cell cultures, respectively (Fig. 11B). IgM production was
inhibited by 34 and 31% in HC and SLE B cell cultures, re-
spectively (Fig. 11C), with no discernible effect on cell viability
(Fig. 11D).
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5 d later by flow cytometry. Effects of CC-220 are shown as percent of vehicle control, mean = SEM. (C) Representative plasmablast differentiation and
proliferation plots for naive B cells treated with CC-220. (D) Representative plasmablast differentiation and proliferation plots for memory B cells treated
with CC-220. (E) Comparison of CC-220 effects on naive and memory B cell plasmablast differentiation induced by IL-2/IL-21/CD40L. Statistics were
Student ¢ test comparison of naive and memory B cells on plasmablast differentiation at the same concentration of CC-220 treatment. (F) Comparison of
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Discussion

In B cell-mediated autoimmune diseases such as SLE, aberrant
recognition of self-antigen and the secretion of autoantibodies can
drive a cascade of immune responses leading to localized in-
flammation and pathogenic changes in affected tissues and organs.
We show in this study that the soluble factors BAFF, IL-2, and IL-
21 implicated in SLE pathogenesis (32, 37, 38, 76, 96-98) have
the capacity to contribute to disease by inducing B cell prolifer-
ation, plasmablast differentiation, and Ab secretion from a select
memory pool of B cells consisting of CD27" memory and CD27 "~
IgD™ DN memory-like B cell subtypes. Naive B cells, in contrast,
are incapable of responding to BAFF, IL-2, and IL-21 in the ab-
sence of CD40L, a signal most commonly provided by T cell
contact in the germinal center within secondary lymphoid struc-

tures. The finding that BAFF induced plasmablast differentiation
from a CD27 IgD™ DN subpopulation represents a new func-
tional response identified for these cells that exist in higher
abundance in the blood of SLE patients. Prior studies have shown
that MZA B cell subsets in the spleen, defined as postswitch IgG*
memory B cells, were IL-21 and BAFF responsive and could
differentiate into plasmablasts (27). However, the CD27* memory
B cells in peripheral blood demonstrated in this study that we
show are responsive to BAFF are phenotypically distinct from
MZA B cells, excluding the possibility that they are recirculating
MZA B cells (data not shown). The CRBN modulator CC-220
rapidly reduced Aiolos and Ikaros protein levels and inhibited
both BAFF, IL-2, and IL-21-induced and CD40L, IL-2, and
IL-21-induced proliferation, plasmablast differentiation, and Ab
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secretion from circulating naive, memory, and DN B cell subpop-
ulations. Elevation of Aiolos expression levels in these circulating
CD27* memory and DN B cells of SLE patients suggests a pos-
sible predisposed condition of responsiveness to prodifferentiation
stimuli such as BAFF and CD40L. The findings in this study
provide further insight into the regulation of Ag-independent
B cell differentiation mediated by soluble factors associated
with inflammation. The reduction of Aiolos and Ikaros and sub-
sequent inhibition of BAFF-induced B cell differentiation by CC-
220 support the potential for it to be used in the therapeutic
treatment of SLE, where elevations in BAFF and Aiolos expres-
sion may drive autoantibody-mediated disease pathology.
Alterations in circulating levels of BAFF, IL-2, and IL-21 have
been reported in SLE, with differing results. BAFF elevation in the
blood of SLE patients has been reported with consistency (41-45).
IL-2 reports and its effects on immune function have varied. In
SLE, T cells are reported to produce decreased amounts of IL-2 in
active disease patients, leading to impaired regulatory T cell de-
velopment (99). Although IL-2 plays an important role in the
development and maintenance of regulatory T cells, SLE defi-
ciency in quantity or quality of regulatory T cells has not been
consistently reported (100). In other studies, a correlation between

serum IL-2 levels and disease activity in SLE patients has been
reported (32, 101). In this study, we observed no difference in
circulating IL-2 when comparing SLE and HC samples
(Supplemental Fig. 3). Differing reports on the levels of IL-21 in
SLE patients also have been published; IL-21 levels in SLE pa-
tients are shown to be elevated in some studies (102, 103), but
have no change in another study (104). We observed a small de-
crease in IL-21 in SLE and extensive overlap with HC levels
(Supplemental Fig. 3). In mouse lupus models, elevated 1L-21
expression drives pathologic autoantibody production (26, 105).
The alterations in BAFF, IL-2, and IL-21 in SLE indicate a dys-
regulation of these factors. Our data in this study demonstrate the
B cell differentiation—inducing potential of these factors on memory
and DN B cells, which may have an impact in SLE where B cells are
known to be in an activated state (106).

SLE patients have altered circulating levels of B cell popula-
tions, although discrepancies in the findings among investigators
can be seen. In some reports, including this study, it has been
shown that CD27" memory phenotypes in circulation are decreased
with a concomitant increase in the CD27  naive phenotype (4, 5).
Conversely, other studies have shown increased CD27* memory
B cells and decreased naive B cells (3, 6, 10, 14). Further distinction
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of B cell subsets within CD27* and CD27~ cells may help to
further define the relevance of these changes. For example,
memory CD27* B cells can be separated into IgD™ isotype-
switched and IgD* NSM subsets, and CD27~ B cells can be
separated into IgD* mature naive and IgD~ SwM-like B cells
(107). The importance of distinguishing the latter CD27 IgD ™
DN B cells that we and others have shown to be elevated in SLE
patients (Fig. 5B) is underscored by their ability to differentiate
into IgG Ab-secreting plasmablasts in response to BAFF
(Fig. 4). This BAFF-induced plasmablast differentiation of DN
B cells is of particular interest in SLE, where they have the
potential to contribute to disease pathology. In support of this,
DN B cells are associated with a higher disease activity index,
history of nephritis, and higher level of disease-specific auto-
antibodies in SLE (8, 9, 16).

The CD27 IgD DN subpopulation accounts for ~5% of the
peripheral B cell compartment in healthy individuals (108). The

function of DN B cells, however, is poorly defined. DN B cells are
elevated in the elderly and in inflammatory diseases including
established RA, SLE, and Alzheimer’s disease, suggesting their
contribution to pathology in disease and in immune changes as-
sociated with aging (8, 11, 109, 110). There are several hypotheses
on the origin of DN B cells including that they are exhausted
memory B cells that have downregulated CD27 (109), memory
B cell precursors that have not acquired CD27 yet (111), or an
entirely new B cell population that has undergone low levels of
somatic hypermutation (111, 112). DN B cells show an activated
phenotype where levels of these cells are associated with higher
levels of circulating autoantibodies in SLE (8, 106) and have a
proinflammatory phenotype in Alzheimer’s disease (110). Be-
cause of the phenotypic similarity to CD27* memory B cells de-
fined by cell surface markers such as CD95 shown in this study
(Fig. 5) and by others, DN B cells are also described as CD27
memory B cells (8, 106, 109, 113). In this study, we showed that
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CC-220 inhibits SLE plasmablast differentiation and Ab production from BAFF activated B cells. Total B cells isolated from HCs and SLE

patients were treated with CC-220 (10 nM) for 1 h at 37°C before adding IL-2/IL-21/BAFF and culturing for 5 d. (A) Induced differentiated plasmablasts
defined as percent CD20'°CD38" cells of total CD19* B cells. IgG (B) and IgM (C) production after 5 d in culture. (D) Viability of cells posttreatment with
CC-220 as a percent of the corresponding vehicle control (HC, SLE). Graphs shown are plotted as the mean percent of the corresponding vehicle control
(HC or SLE B cells in the absence of CC-220) = SEM. n = 13 HCs, n = 7 SLE patients. ** p < 0.005, ****p < 0.0001 for CC-220-treated cells versus
their corresponding vehicle-treated cells (HC or SLE). NS, not significant comparing CC-220-treated HC versus CC-220-treated SLE cells.

DN B cell differentiation into plasmablasts can occur when these
cells are treated with either BAFF or by CD40L in the presence of
IL-2 and IL-21. We further show that these cells have a memory
phenotype because they have a differentiation response to BAFF,
an effect not observed from naive B cells. To our knowledge, this

is the first example that DN B cells can be assigned a functional
differentiation and Ab secretion response to stimuli (BAFF) that
can distinguish them from naive B cells.

We compared BAFF with two other commonly studied inducers
of B cell differentiation, CD40L and anti-IgM BCR stimulation,
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and found significant functional response differences among these
three B cell activation systems. CD40L induces proliferation in
both naive and memory B cells without any costimulation re-
quirements of IL-2 and IL-21, but does not induce plasmablast
differentiation unless IL-21 is added (Fig. 1, Supplemental Fig. 1).
As shown in this and other studies, CD40L costimulation with
IL-21 induces robust plasmablast differentiation from both naive
and memory B cells (19, 27, 114). Stimulation of naive B cells
with BAFF or anti-IgM alone or each in the presence of IL-2 and
IL-21, however, does not induce significant proliferation or dif-
ferentiation. A major distinction between BAFF and anti-IgM on
naive B cells is apparent with regard to cell death. Anti-IgM in the
presence of IL-2 and IL-21 induces significant cell death in naive
B cells (Supplemental Fig. 2), an effect not observed for BAFF
treatment of naive B cells with IL-2 and IL-21. In contrast with
naive B cells, memory B cells treated with anti-IgM, IL-2, and
IL-21 do not undergo cell death. Levels of secreted IgG and IgM
generally reflect the degree of plasmablast differentiation under
each stimulus tested. In all conditions, CC-220 inhibited plas-
mablast differentiation and Ab production, with the efficacy de-
pendent on the cell type or stimuli. In particular, CC-220 exhibited
significantly more potent inhibitory effects on CD27 B cells
compared with CD27* memory B cells (Fig. 8C), which may be
advantageous given that SLE patients have elevated autoreactive
B cells in the CD27 B cell compartment (98, 115). In further
support of SLE applications for CC-220, BAFF-induced plasma-
blast differentiation derived from CD27* memory B cells is more
sensitive to the inhibitory effects of CC-220 compared with
CD40L-stimulated cells (Fig. 8D).

Little is known about the potential for B cell differentiation to
occur in peripheral tissue locations independent of T cell contact. In
CD40L T cell-dependent B cell responses in lymphoid follicles,
Ag-activated cells differentiate into extrafollicular short-lived
plasmablasts and plasma cells, germinal center—independent
memory B cells, or germinal center—dependent memory B cells
and plasmablast and plasma cells. We raise the possibility that
when circulating memory and DN B cells encounter soluble in-
flammatory factors at sites of local inflammation, they may also
differentiate into Ab-secreting cells in the absence of T cell
contact by novel mechanisms not involving BCR or TLR activa-
tion. First, ectopic clusters contain both follicular Th cells that
produce IL-21 and B cells that are present in the inflamed kidneys
of patients with SLE (116), providing local increases in IL-21
available for BAFF-mediated T cell-independent B cells re-
sponses, as well for T cell-dependent responses. Second, BAFF is
expressed locally in the inflamed tissue, as has been reported in
the kidney in lupus nephritis (117). Lastly, plasma cell accumu-
lation has been shown to accumulate and enhance the local con-
centrations of Ab and immunocomplex formation in inflamed
kidneys in a mouse lupus model, demonstrating that local
inflamed tissue environments can support plasmablast and plasma
cell survival and disease-inducing Ab production (17). Taken to-
gether, the inflamed kidney environment in SLE contains the
components required to induce local plasmablast differentiation
and Ab secretion by T cell-independent mechanisms mediated by
BAFF.

CC-220 is structurally related to lenalidomide and pomalidomide
that show antiproliferative and immunomodulatory effects on B
and T cells (118, 119). Similar to lenalidomide and pomalidomide,
which bind to CRBN, a critical component of a ubiquitin E3
CRLAREN complex (120, 121), CC-220 binds to CRBN to pro-
mote recruitment of Ikaros and Aiolos to CRL4“®EN and the
subsequent enhancement of the ubiquitination and degradation of
these transcription factors (55-57). Ikaros and Aiolos are members
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of the Ikaros family of zinc-finger transcription factors crucial for
the function of mature B cells in the periphery, and required for
the generation and survival of high-affinity bone marrow plasma
cells (60-62). We have shown in this study that CC-220 inhibits
plasmablast differentiation, and Ab production is associated with
reduction of Aiolos, Ikaros, and other transcription factors known
to be required for plasmablast differentiation (Figs. 6, 7). The
effect of CC-220 is independent of IL-21 signaling because
IL-21R signaling is intact after CC-220 treatment (Fig. 6B). The
effect of CC-220 is also independent of adenosine deaminase
expression involved in IgG class-switch activity because mRNA
upregulation in response to B cell stimulus still occurs in the
presence of CC-220 (data not shown). The rapid reduction of
Aiolos and Ikaros protein levels by CC-220 and the associated
prevention of increased expression in the transcription factors
IRF-4, XBP-1, and Blimp-1 required for plasmablast develop-
ment suggest that CC-220 modulation of CRBN activity exerts
its inhibitory effects at an early stage of B cell plasmablast
differentiation.

SLE immunopathology is closely linked to alterations in B cell
function and may be a common feature of this otherwise hetero-
geneous disease. In support of this concept, clinical benefit of direct
B cell depletion (122) and indirect B cell modulation by Ab
blockade of BAFF has been reported (123). Other factors such as
IFN-a may also have a link to B cell-driven SLE pathology.
Evidence of an elevation of IFN-« in some SLE patients (124) and
an IFN gene signature in circulating cells in SLE patients (125)
has led to the testing of IFN-modifying approaches in treating
SLE (126). IFN-a, a product of activated plasmacytoid cells, is
thought to exert its SLE effects in part by its ability to potentiate
B cell differentiation and Ab secretion in vitro and in vivo to
worsen B cell-mediated pathology in SLE mouse models (127).
Further support of the role of B cells in SLE come from genetic
studies where susceptibility loci in SLE have been described that
are involved with B cell-related functions including MHC hap-
lotype Ag presentation and transcription factors involved in B cell
ADb production (128-130). Of particular importance is the genetic
association of Aiolos (64) and Ikaros (65), which are essential
factors in B cell differentiation and Ab secretion, and in the case
of Aiolos, found to be overexpressed in the B cells of SLE patients
(Fig. 5). Our data demonstrating increased Aiolos expression
levels per cell in SLE B cells add to a prior report where it was
shown that the percentage of B cells that express detectable Aiolos
are similar in HCs and SLE, whereas the percentage of CD8
T cells and monocytes that express Aiolos are elevated (131).
Taken together, the data support the hypothesis that regulating
B cell differentiation and Ab production induced by factors that
stimulate these processes in SLE may be key to treating lupus
pathology.

In summary, the results from this study demonstrate a new
function for BAFF in the induction of proliferation and differ-
entiation of memory B cells into Ab-secreting plasmablasts by a
T cell contact—-independent mechanism. In addition, circulating
CD27 IgD DN B cells that are elevated in SLE also differ-
entiate in response to BAFF in a T cell contact—independent
manner, which further defines these DN B cells as memory-like
B cells that can be induced to secrete IgG. Increased levels of
BAFF and elevated expression of Aiolos in B cells of SLE pa-
tients may predispose B cells toward differentiation and Ab se-
cretion. The multiple mechanisms by which B cells may become
activated and secrete potentially pathogenic Abs in SLE support
the therapeutic use of the CRBN-modulating drug CC-220 to
regulate core mechanisms involved in B cell differentiation and
Ig production.
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