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Abstract

Age-associated B cells (ABCs) are a unique subset of B cells defined by surface CD11b and
CD11c expression. Although ABC expansion has been observed in both human and animal studies
in the setting of advanced age, during humoral autoimmunity and following viral infection, the
functional properties of this cellular subset remain incompletely defined. In the current study, we
demonstrate that ABCs fulfill the criteria for memory B cells, based on evidence of antigen-
dependent expansion and persistence in a state poised for rapid differentiation into antibody-
secreting plasma cells during secondary responses. First, we show that a majority of ABCs are not
actively cycling but exhibit an extensive replication history consistent with prior antigen
engagement. Second, despite unswitched surface IgM expression, ABCs show evidence of
activation-induced cytidine deaminase (AlD)-dependent somatic hypermutation. Third, B cells
receptors (BCR) cloned from sorted ABCs exhibit broad autoreactivity and polyreactivity.
Although the overall level of ABC self-reactivity was not increased relative to naive B cells, ABCs
lacked features of functional anergy characteristic of autoreactive B cells. Fourth, ABCs express
memory B cell surface markers consistent with being poised for rapid plasma cell differentiation
during recall responses. Finally, in a murine model of viral infection, adoptively transferred
CD11c* B cells rapidly differentiated into class-switched antibody-secreting cells (ASCs) upon
antigen rechallenge. In summary, we phenotypically and functionally characterize ABCs as IgM-
expressing memory B cells, findings that together implicate ABCs in the pathogenesis of systemic
autoimmunity.
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INTRODUCTION

Immunologic memory is a defining feature of the adaptive immune system. During a
humoral immune response, the activation of antigen-specific B cells results in the generation
of plasma cells and memory B cells (MBCs). While plasma cells provide long-term
protection via the production of specific antibodies, MBCs persist in a quiescent state for
prolonged periods. Relative to naive B cells, MBCs exhibit a lower threshold for antigen
stimulation resulting in rapid cell cycle entry, and differentiation into antibody-secreting
plasma cells or seeding of secondary germinal centers (GCs). In this manner, the generation
of long-lived MBCs allows efficient recall responses to secondary antigen challenge (1, 2).

In addition to protective roles during infection, B cells promote the pathogenesis of systemic
autoimmunity. In this context, the presence of autoreactive MBC likely contributes to long-
term disease persistence and represents an important barrier to immunologic cure. However,
the study of MBCs in autoimmunity is hampered by the lack of uniform surface markers to
identify MBC subsets. Whereas MBCs in infectious and candidate antigen models can be
identified by antigen-specificity and efficient secondary responses, the diversity of disease-
associated autoantigen epitopes and ongoing nature of autoimmune inflammation prevents
the ready identification of autoreactive MBCs.

In 2011, independent groups identified a novel B cell subset, now termed age-associated B
cells (ABCs), characterized by lack of surface CD21 and CD23, or expression of integrins
CD11b and CD11c (3, 4). Importantly, several lines of evidence linked this B cell
subpopulation to the pathogenesis of systemic autoimmunity, including ABC accumulation
in diverse murine lupus models and human subjects with autoimmunity (4-10), and the ex
vivo production of anti-nuclear antibodies by Toll-like receptor (TLR)-stimulated ABCs (4).
Since ABC do not spontaneously secrete antibodies but increase in number with age, ABCs
have been hypothesized to represent a new MBC subset (11-13). However, a definitive
functional characterization of this B cell subset is lacking. In the current study, we present
functional and phenotypic evidence that ABCs are a population of IgM* MBCs. Using a
surface marker agnostic definition of B cell memory, we demonstrate that ABCs are antigen-
experienced B cells with an extensive replicative history, that persist in a resting state but can
rapidly differentiate into antibody-secreting plasma cells following secondary antigen
challenge.

MATERIALS AND METHODS

Mice

Wild-type (WT), uMT (14), Was™~ (15), CD11c-Cre-GFP mice (16), and Ail4 tdTomato
reporter (17) mice on the C57BL/6 background were obtained from Jackson Laboratory (Bar
Harbor, ME) and subsequently bred and maintained in the specific pathogen-free (SPF)
animal facility of Seattle Children’s Research Institute (Seattle, WA). All animal studies
were conducted in accordance with Seattle Children’s Research Institute IACUC approved
protocols.
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WAS chimera model

WAS chimeras were generated as described (9, 18-20). Briefly, bone marrow (BM) was
harvested from Was™~ mice and depleted of CD138* plasma cells (Miltenyi Biotec,
130-098-257). Donor BM was mixed with B cell-deficient yMT BM (20:80 ratio, 6 x 106
total cells) and injected retro-orbitally into lethally irradiated (450cGy x 2 doses) pMT
recipients. Resulting chimeras were sacrificed at 24 weeks post-transplant, with data
representative of > 2 independent cohorts

Flow cytometry and cell sorting

Flow cytometry of single cell suspensions was performed as described (9, 20), using the
following anti-murine antibodies: B220 (RA3-6B2), CD80 (16-10A1), from BD
Biosciences; B220 (RA3-6B2), CD11c (N418), CD11b (M1/70), CD38 (90), CD73 (TY/23)
from Thermo Fisher; B220 (RA3-6B2), PD-L2 (TY25), CD19 (ID3), from BioLegend; PNA
(FI-1071) from Vector Labs; and Fas (Jo2) from BD Pharmingen. Cell sorting was
performed on surface stained murine cells, using a BD FACSAria (BD Biosciences).
Tetramer positive anti-MSP1 MBC were sorted from C57BL/6 mice infected 100 days prior
with Plasmodium chabaudi, as previously described (36). Ca2* flux was measured by flow
cytometry using splenic B cells incubated with Indo-1 (Invitrogen), surface stained, and then
washed and stimulated with a stimulatory anti-lgM F(ab), (18).

x-deleting recombination excision circle (KREC) analysis

Naive (CD19*PNA"FAS"CD11b~CD11c"), CD19*PNA*FAS* GC, and CD19*CD11b
*CD11c™ ABC B cells were sorted and total DNA was isolated using an AllPrep Micro kit
(Qiagen). Replication history of sorted B cell subsets was subsequently determined by
KREC analysis, as previously described (21).

BrdU incorporation

Aged C57BL/6 female (18-months-old) and WAS chimera mice were injected
intraperitoneally with 1ug BrdU (BD Biosciences #42530) 24 hours prior to sacrifice, and
BrdU uptake by distinct B cell populations identified by flow cytometry.

Single cell BCR cloning

Single-cell BCR cloning was performed as described (22). Briefly, Ig heavy and light (x and
) gene transcripts from sorted single CD197CD11b*CD11c™ ABCs from autoimmune
WAS chimeras and CD19*CD21'MCD24M follicular mature (FM) cells from 3-month-old
C57BL/6 mice were cloned into human /GG, IGK; or /GL expression vectors, transfected
into HEK293T cells, and monoclonal antibodies purified from culture supernatants using
protein A—agarose beads.

Measurement of autoantibodies

ELISAs were performed using 96 well Nunc-Immuno MaxiSorp plates (Thermo Fisher)

coated with dsDNA (Sigma-Aldrich), phosphorylcholine (PC)-10 (Sigma-Aldrich), Sm/RNP
(Arotec Diagnostic), or QB-VLP (1ug/ml in PBS) (23). Plates were blocked with 1% BSA in
PBS prior to incubation with diluted serum or supernatant. Specific antibodies were detected
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using goat anti-mouse IgM-, 1gG-, or 1gG2c¢ -HRP (SouthernBiotech) and peroxidase
reactions were developed using OptEIA TMB substrate (BD Biosciences) and stopped with
2N H,S0O4. Absorbance at 450nm was read using a SpectraMax 190 microplate reader
(Molecular Devices) and data analyzed using GraphPad Prism (GraphPad Software, Inc.).
Autoantigen microarrays were performed at the UT Southwestern Medical Center Microarry
Core Facility, Dallas, TX (24).

QB-VLP Memory Experiment

3-month-old C57BL/6 mice were immunized intraperitoneally with 2ug sSRNA-QB-VLP or
empty-Qp-VLP, prior to magnetic microbead (Miltenyi Biotec #130-108-338) purification of
splenic CD11c™ cells at 16 days post-immunization. 1.5 x 108 CD11c* cells and
corresponding controls were transferred to 3-month-old C57BL/6 recipient mice by
intravenous injection. 4 days post-transfer, mice were challenged with empty-QB-VLP and
serum collected at 2 day intervals until 6 days after secondary immunization.

Statistical Evaluation

P-values were calculated by the Mann-Whitney and one-way ANOVA tests (GraphPad
Software, Inc).

RESULTS:

ABCs represent a non-cycling population with an extensive replication history

To fulfill a functional definition of B cell memory, we predicted that ABCs should have
expanded following initial antigen engagement, but returned to a quiescent state while
awaiting secondary challenge. However, whereas CD11ct ABC numbers increase over time
and correlate with disease flares in SLE (3, 4, 25, 26), it remains unclear whether ABCs are
a continually renewing population which turns over rapidly, or a stable, long-lived subset
that is largely quiescent and expands progressively following antigen challenge. To
distinguish these possibilities, we examined the replicative history and proliferative state of
ABCs sorted from both aged female mice and a well-characterized murine lupus model
termed the Wiskott-Aldrich syndrome (WAS) chimera model (9, 18-20). Importantly, in
addition to spontaneous autoantibody production and the development of immune-complex
glomerulonephritis, autoimmune WAS chimeras exhibit a prominent expansion of CD11c*
ABCs (9, 27) suggesting a contribution of ABCs to disease pathogenesis in this model.

First, we sorted naive, GC B cells and ABCs from aged female C57BL/6 mice and diseased
WAS chimeras and assessed replication history by x-deleting recombination excision circle
(KREC) analysis (21). Notably, ABCs derived from both aged wild-type (WT) and
autoimmune WAS chimera mice exhibited extensive KREC dilution relative to naive B cells,
with the number of cellular divisions broadly equivalent to cycling GC B cells (Fig. 1A, B).

Based on this evidence of prior cellular proliferation, we next assessed whether ABCs were
actively cycling. To do this, we injected 18-month-old female C57BL/6 mice and diseased
WAS chimeras with BrdU 24 hours prior to sacrifice. As predicted, ~35% of pro-/pre-B cells
(B220*IgM~IgD") in the bone marrow were BrdU* (Supplemental Fig. 1), confirming
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successful in vivo labeling of proliferating B cells. Strikingly, despite a broadly similar
replicative history, the proportion of ABCs that had incorporated BrdU was markedly lower
than GC B cells (~33% BrdU* GC B cells vs. ~9% BrdU* ABCs) (Fig. 1C, D). Together,
these data support a model wherein ABCs are memory B cells, based on a predominantly
quiescent state together with evidence of extensive previous replication. Importantly, a
subset of ABCs had incorporated BrdU in the 24 hours prior to sacrifice, suggesting that
these cells were either recently generated or re-entered the cell cycle following antigen
reengagement during an ongoing immune response. Consistent with this idea, the proportion
of cycling ABCs was higher in WAS chimeras than aged female WT mice, suggesting that
active autoimmunity drives the continuous generation and/or reactivation of ABCs (Fig. 1C,
D).

ABCs express a diverse, somatically-mutated BCR repertoire

During an adaptive immune response, the pool of antigen-specific memory B cells is
expanded above the baseline frequency within the pre-immune B cell repertoire. Based on
this model, ABCs might exhibit oligoclonal B cell receptor (BCR) variable (V) gene
segment usage. Alternatively, since a large number of autoantigens can facilitate autoreactive
B cell activation in SLE, diverse BCR specificities could be recruited into the ABC
compartment. Consistent with the former hypothesis, sequence analysis of bulk sorted ABCs
(defined as CD21!° splenic B cells lacking the GC marker GL7) derived from autoimmune
surrogate light chain deficient (S/c™") mice showed enrichment for specific H-CDR3 clones
(12). In contrast, Russell Knode, et al. reported that ABCs from old C57BL/6 mice (age
18-22 months old) express a diverse BCR repertoire largely equivalent to FM and marginal
zone (MZ) B cells (28). Whether this discrepancy is explained by differences in surface
markers used to identify ABCs, specific alterations in the BCR repertoire in the absence of
surrogate light chain expression (29), or the analysis of lupus-prone (i.e. S/c™) vs. non-
autoimmune WT mice is unclear. For this reason, we sorted single ABCs and GC B cells
from autoimmune WAS chimeras, ABCs from 8-month-old female WT mice, as well as
control FM B cells from 3-month-old WT animals, for BCR sequencing. Consistent with
prior studies (3, 4, 10, 27, 28), a majority of ABCs from both WT animals and WAS chimera
mice expressed unswitched IgM heavy chains, although a small percentage of WAS chimera
ABCs (<5%) expressed switched IgG transcripts (data not shown), as was previously
reported in Swap70~~. Def6~~ lupus-prone mice (10). Importantly, in keeping with bulk
sequencing analysis by Russell Knode, et al. (28), ABCs exhibited diverse Vy-family usage
without significant enrichment for individual BCR clones (Fig. 2A).

The basic amino acids, arginine (R) and lysine (K), are enriched within the H-CDR3 of anti-
dsDNA reactive autoantibodies (30). However, we observed no change in amino acid usage
or significant enrichment for basic amino acids (arginine (R), histidine (H), or lysine (K)) in
WT ABC:s relative to FM B cells (Fig. 2B). Finally, we assessed whether sorted ABCs from
aged WT and autoimmune WAS chimera mice exhibited evidence of antigen-driven somatic
mutation. Despite expression of predominantly unswitched IgM* BCRs, an increased
proportion of WT and WAS ABCs expressed mutated BCRs (Fig. 2C), in keeping with prior
bulk sequencing analysis (28). The overall mutational frequency of IgM* ABCs was similar
to that of 1IgG* GC B cells sorted from disease WAS chimeras, whereas mutations were
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absent in control FM B cells from naive WT mice. Observed mutations were biased towards
G to A and C to T nucleotide substitutions (Fig. 2D), consistent with activation-induced
cytidine deaminase (AID) enzymatic activity (31).

In summary, ABCs from lupus prone mice express a diverse, but somatically mutated, BCR
repertoire without evidence for oligoclonal expansion or increased usage of basic amino
acids. Thus, ABC repertoire diversity in the WAS chimera lupus model mirrors that of ABCs
from aged WT animals, without evidence of the clonal expansion or autoreactive BCR
characteristics observed in S/c™~ mice (11, 28).

Single-cell cloning demonstrates similar autoreactivity of lupus ABCs and naive follicular

B cells

Since ABCs accumulate in both murine lupus models and in human subjects with
autoimmunity, this B cell subpopulation is predicted to express predominantly autoreactive
B cell receptors (BCRs). Consistent with this idea, ex-vivo sorted ABCs from female
NZB/NZW F1 lupus mice secrete anti-chromatin autoantibodies following R848 stimulation
(4). In addition, 1gM hybridomas generated from bulk CD21'%% B cells from surrogate light
chain deficient (S/c™") mice produce antibodies which bind diverse nuclear autoantigens
(11). However, while these data generally support a model wherein autoreactive B cells are
enriched within the ABC compartment, there are several important caveats to this
interpretation. Specifically, a substantial fraction of naive B cells in the pre-immune
repertoire express polyreactive BCRs binding diverse self-antigens (32—34). However, since
naive follicular mature (FM) and marginal zone (MZ) B cells do not produce significant 1gG
in response to ex-vivo R848 stimulation (4), anti-chromatin reactivity of ABC supernatants
might be explained by enhanced TLR7-driven antibody production rather than a greater
relative self-reactivity of this subpopulation. Similarly, although CD21'%W hybridomas from
Slc™~ mice exhibit autoreactivity, no corresponding population of naive B cells was
included in this analysis; an important control given that surrogate light chain deletion is
known to alter negative selection during B cell development (29).

For these reasons, we directly assessed the BCR specificity of ABCs expanding in
autoimmunity. To do this, we cloned BCRs from sorted CD11b*CD11¢* ABCs from
autoimmune WAS chimeras, as well as control FM B cells from naive WT animals, and
generated recombinant monoclonal antibodies (mAb). Since the majority of ABCs are
unswitched, we limited our analyses to IgM* clones. Antibody specificity was first evaluated
by ELISA, which demonstrated that a subset of WAS chimera ABCs exhibited reactivity to
self-antigens phosphorylcholine (PC), DNA, and the RNA-associated autoantigen Sm/RNP
(Fig. 3A). However, the degree of self-reactivity was not increased relative to WT FM B
cells, whether assessed by the proportion of positive clones or by relative binding affinity
quantified by the area under the curve (AUC) (Fig. 3B, C). These findings suggested that,
contrary to prior reports, ABCs are not self-reactive. However, since tolerance mechanisms
are known to limit entry of autoreactive B cells into the memory compartment (35), an
alternate interpretation is residual self-reactivity of cloned ABCs represents a failure of
negative selection. For this reason, we contrasted these findings with the autoreactivity of
IgM* MBC generated during a murine model of malaria infection. To do this, IgM* B cells
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reactive against the Plasmodium antigen, Merozoite Surface Protein 1 (MSP1), were cloned
from mice infected 100 days prior with Plasmodium chabaudi (36). As predicted, MSP1*
MBC exhibited markedly reduced self-antigen reactivity compared with naive FM B cells
(Supplemental Fig. 2), findings which contrasted with the persistent autoreactivity of cloned
ABCs.

To confirm these findings, we examined the breadth of ABC self-reactivity using a
microarray panel consisting of 128 autoantigens. Strikingly, recombinant mAb from both
WAS ABCs and control wild-type FM B cells exhibited polyreactive binding to diverse
disease-associated autoantigens, although without any increase in autoreactivity in the ABC
compartment (Fig. 3D). Rather, there was a trend towards reduced self-reactivity in ABCs
based on both the ELISA and microarray analyses (Fig. 3A-D).

Although the mature B cell repertoire is characterized by prevalent poly / autoreactive B cell
(32-34), functional anergy limits the inappropriate activation of these clones (37). Moreover,
in the setting of chronic infectious disease and systemic autoimmunity, exhausted CD21!°
atypical memory B cells are expanded in peripheral blood of human subjects (38-42). These
data suggest that, rather than being a pathogenic memory population, CD11c*CD21!° ABCs
might represent functionally anergic autoreactive B cells. Therefore, we measured calcium
mobilization upon anti-lgM BCR cross-linking. Notably, ABCs exhibited rapid BCR-
dependent calcium flux, with an amplitude similar to FM B cells with high-dose anti-IgM,
and increased flux amplitude relative to FM B cells after low-dose anti-lgM stimulation
(Fig. 3E). Importantly, Wiskott-Aldrich syndrome protein deficiency is associated with
modestly hyper-responsive BCR signaling (18, 43). Thus, we examined whether this BCR
signaling profile was also observed CD11b*CD11c* ABCs from aged WT female mice.
Notably, WT ABCs exhibited similar anti-lgM calcium flux with earlier peak calcium
response relative to FM B cells, and an amplitude between FM and MZ B cell subsets (Fig.
3F). In summary, ABCs cloned from WT and lupus-prone mice express polyreactive BCRs
binding diverse disease-associated autoantigens, with an overall degree of self-reactivity that
is similar to the naive FM B cell repertoire. However, we observed no functional evidence of
BCR anergy in the ABC compartment, suggesting that this population may directly
contribute to the pathogenesis of systemic autoimmunity.

Age-associated B cells express memory B cell surface markers indicative of propensity for
plasma cell differentiation

Functionally, MBCs can either differentiate into plasma cells or reseed germinal centers
(GC) during a secondary immune response (1). Whereas distinct effector responses of MBC
were initially attributed to surface isotype expression, with IgM* MBC re-entering GCs and
switched IgG* MBCs undergoing plasma cell differentiation (44, 45), subsequent studies
have uncovered a diversity of IgM*™ MBC responses (36, 46). Although the study of B cell
memory is hampered by a paucity of surface markers able to identify all memory B cell
subsets, murine studies have indicated that MBC exhibit heterogeneous expression of
surface markers associated with T cell interactions, including CD73, CD80, and PD-L2
(CD273) (46-49). Based on these data, we quantified expression of known memory markers
on ABCs and assessed whether this surface phenotype predicted a likely functional outcome
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during putative recall responses. As predicted, a majority of splenic CD11b*CD11c* ABCs
from both aged WT mice and autoimmune WAS chimeras expressed CD80, PD-L2
(CD273), CD73, and FAS, consistent with a MBC phenotype (46-49) (Fig. 4A; and not
shown). Interestingly, despite surface IgM expression, a majority of splenic ABCs fell within
the CD80"PD-L2* and CD73*CD80" “double-positive” gates (Fig. 4B), a surface phenotype
associated with secondary plasma cell differentiation (46). Thus, whereas IgM* memory B
cells developing after T-dependent antigen immunization are predominantly CD80™PD-L2~
“double-negative” (46), unswitched ABCs express a surface phenotype indicating a
propensity for rapid class-switched recombination and ASC differentiation during
autoimmunity.

CD11c* B cells mount rapid, secondary responses to virus-like particle (VLP)
immunization

A defining characteristic of MBCs is the ability to efficiently respond to secondary antigen
challenge (1, 2). However, whereas the kinetic of the MBC response can be readily
characterized in immunization and infection models, the likely continuous activation of self-
reactive naive and memory B cells clones during autoimmunity renders a similar assessment
of MBC fate in SLE more challenging. Thus, we hypothesized that expression of defined
ABC surface markers could provide the unique opportunity to track MBCs differentiation
during established autoimmunity. For this reason, we crossed CD11c-Cre-GFP mice (16)
with the Ail4 tdTomato reporter strain (17) to irreversibly “fate map” B cells that had ever
entered the ABC compartment. Unfortunately, although CD11c has been proposed as a
marker of the ABC phenotype within the B cell compartment, we observed tdTomato
expression in a significant proportion of naive and GC B cells in young wild-type mice
examined prior to ABC development (tdTomato™: ~25-50% in naive B cells; >90% in GC B
cells; data not shown); an observation likely explained by low-level CD11c expression
during B cell development (50). Thus, although we had hoped that this reporter strategy
could have been used to track the contribution of ex-ABCs to ongoing GCs vs. the plasma
cell compartment in SLE, limited reporter specificity prevented this approach.

As an alternate strategy, we examined the contribution of CD11c* ABCs to memory B cell
responses following Qp virus-like particle (VLP) immunization. Since ABC expansion and
B cell responses to QB-VLP immunization both require B cell-intrinsic Myd88 and TLR7
signals (4, 9, 23), we hypothesized that this approach could be used to model the
requirement for dual BCR/TLR signals in both pathogen and autoimmune responses. In
addition, a significant advantage of the QB-VLP strategy is that the nucleic acid incorporated
within capsid particles can be manipulated to target specific B cell endosomal TLRs,
including TLR7 activating single-stranded RNA (ssSRNA)-VLP, and empty VLP lacking
TLR ligands (23). We first examined the kinetic of VVLP-specific antibody responses
following primary and secondary VLP immunizations. As predicted, primary immunization
with ssSRNA-VLP resulted in both IgM and 1gG anti-VLP antibodies, while boosting with
empty (ssRNA-free) VLP induced a rapid and enhanced secondary anti-VLP 1gG response.
In contrast, empty VLP alone (without primary immunization) resulted in minimal anti-VLP
IgM or IgG antibodies, consistent with the requirement for B cell-intrinsic TLR engagement
for class-switched autoantibody production to VLP antigens (23) (Fig. 5A, B). Thus, the
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absolute requirement for TLR ligands in facilitating primary, but not secondary, B cell
responses suggested that the VLP model is a useful strategy to dissect the contribution of
CD11c* ABCs to anti-viral memory responses.

Wild-type C57BL/6 mice were immunized with sSSRNA-QB-VLP to model primary viral
challenge. At day 16 post-immunization, splenic CD11c* cells were isolated by magnetic
microbead separation. 1.5 x 108 total cells from the CD11c* fraction (encompassing
~15,000 VLP-specific ABCs) were then transferred into naive C57BL/6 recipients. Analysis
of the post-enrichment fraction confirmed successful enrichment for CD11c* B cells with
~75% of VLP-specific B cells expressing CD11b and CD11c. In addition, transferred
CD11c*CD11b™ B cells exhibited features consistent with an ABC phenotype, including
increased cell size and granularity, and reduced surface CD21 and CD23 expression
(Supplemental Fig 3). Recipient animals were subsequently immunized with empty (SSRNA-
free) VLP, serum was collected at 2 day intervals, and mice were sacrificed at day 6 for
analysis of memory response (Fig. 5C). Strikingly, adoptive transfer of CD11c™ B cells
resulted in a rapid and enhanced production of class-switched IgG and IgG2c anti-VLP
antibody following empty (ssSRNA-free) VLP immunization, without significantly impacting
low-titer anti-IgM responses to this adjuvant-free viral antigen (Fig. 5D, E; and not shown).
Importantly, adoptive transfer of CD11c-enriched splenocytes without secondary empty
VLP immunization did not result in spontaneous anti-VLP antibody production, indicating
that the CD11c*-fraction is not contaminated by antigen-specific ASCs (Fig. 5E). In
summary, these data indicate that ABCs do not constitutively secrete antibodies but are able
to mount rapid secondary immune responses following recognition of their cognate antigen.

DISCUSSION

By persisting for prolonged periods in a state poised for rapid effector responses, MBCs
provide an additional layer of protection to the host against secondary infectious challenge.
However, these functional characteristics of MBC likely also contribute to the pathogenesis
of systemic autoimmunity. Although treatment outcomes for patients with diverse
autoimmune diseases have markedly improved in recent decades, discontinuation of therapy
frequently results in disease relapse, emphasizing the importance of immune memory as a
barrier to cure. In the current study, we functionally classify CD11b*CD11c¢* ABCs as an
MBC population that accumulates during systemic autoimmunity. Using a surface marker
agnostic approach, we demonstrate that: i) ABCs are an extensively divided B cell subset,
that remains largely quiescent in the absence of secondary antigen challenge; ii) antigen
receptors cloned from this population show evidence of somatic hypermutation and broad
poly- and autoreactivity, consistent with antigen-driven expansion; and iii) adoptively-
transferred IgM* CD11c* B cells rapidly differentiate into IgG* and IgM* ASCs during a
recall response, consistent with the pattern of MBC surface markers expressed by this
population. Together, our data indicate that ABCs are a MBC population, findings which
both advance our understanding disease pathogenesis and suggest that targeting ABCs may
be an effective therapeutic strategy in humoral autoimmunity.

Rather than a uniform B cell population, MBCs can be subdivided into distinct subsets,
differing by survival kinetics, surface isotype expression, extent of somatic hypermutation,
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and the outcome of secondary antigen challenge (2). Amongst heterogeneous subpopulations
of IgM* MBCs, the expression of effector molecules CD73, CD80, and PD-L2, identifies
cells that are poised for rapid differentiation into antibody-secreting plasmablasts (2, 36, 46).
Based on extensive BCR mutation and the rapid differentiation of adoptively transferred
VLP-specific ABCs into ASCs, our data indicate that CD11c* ABCs are phenotypically and
functionally most similar to CD73*CD80*PD-L2* unswitched MBCs identified after
immunization with T-dependent antigen NP-CGG, and following EhArlichia muris or malaria
infection (36, 46, 51).

Despite this putative MBC phenotype, an unanticipated aspect of our study is the lack of
enrichment for autoreactive BCR specificities within the ABC compartment. Although
multiple studies have confirmed autoantibody production by ex vivo stimulated CD11c* B
cells (4, 11, 25), the overall degree of autoreactivity of ABCs cloned from autoimmune WAS
chimeras was broadly similar to naive FM B cells. Thus, although CD11c* B cell expansion
correlates with lupus development, our data raise the possibility that the contribution of
ABCs to autoimmune disease is relatively limited. However, an alternate interpretation of
these apparently contradictory findings is implied by the observation that entry of
autoreactive B cells into the memory and plasma cell compartments is restricted by tolerance
mechanisms in healthy subjects (35, 52-54). In this model, rather than the positive selection
of autoreactive specificities, the failure to censor self-reactive clones from entry into the
ABC compartment underlies lupus pathogenesis. Indeed, our findings are consistent with
data from human lupus patients. Whereas B cells expressing the intrinsically-autoreactive
VVH4.34 heavy chain (identifiable using 9G4 idiotype antibody) are censored at the pre-GC
stage in healthy subjects, 9G4* B cells are able to enter the MBC and plasma cell
compartments in lupus patients. However, the proportion of 9G4* MBCs in SLE remains
largely equivalent to the 9G4 percentage in the naive B cell repertoire (35, 53). Moreover,
the observation that ABCs exhibit a lower threshold for activation, and lack features of B
cell anergy characteristic of autoreactive B cells in the naive repertoire suggests a propensity
for rapid plasma cell differentiation. Thus, we propose a model wherein CD11c* ABCs
express polyreactive and autoreactive antigen receptors and can thereby serve as the source
for diverse autoantibody specificities in human autoimmune diseases, such as SLE.

These observations in murine models concur with recent phenotypic characterization of
CD11c* and/or T-bet* B cell subsets in human SLE. Although different studies use distinct
gating strategies to identify this B cell subpopulation, several defining features are emerging
as characteristic features of “ABC-like” cells. For example, ABCs in mouse and man are
characterized by: i) CD11b and/or CD11c expression (4, 25-27); ii) reduced surface CD21
and CD23 levels (3, 27), and in human cells absence of the prototypic memory marker CD27
(25, 26); iii) Fc receptor-like protein 5 (FCRL5) expression (25, 26, 55); iv) generation in
vitro in response to combined TLR7, IFN-vy, and IL-21 stimulation (25-27, 56); v) increased
levels of the transcription factor, T-bet (25-27, 56, 57); and, vi) a lack of spontaneous
antibody production, but the propensity for rapid plasmablast differentiation in response to
cytokine and/or TLR stimulation ex vivo (3, 4, 25, 26). One notable distinction is that,
whereas the bulk of CD11b*CD11c* B cells in murine lupus models express unswitched
BCRs (3, 4, 10, 27, 28), a sizeable proportion of ABC-like cells in human SLE are IgG™* (25,
26). Based on these phenotypic and functional characteristics, ABCs have been described

J Immunol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Du et al.

Page 11

either as MBC (11, 12, 58, 59) or pre-plasma cells (26), a distinction which may be largely
semantic since both describe antigen-experienced cells poised for rapid differentiation into
antibody-producing effectors.

Importantly, recent data indicated that CD11c* ABCs directly contribute to the pathogenesis
of human SLE. For example, Wang et al. (25) reported that human lupus patients exhibit an
expansion of CD11c"T-bet* B cells, in particular those subjects with increased disease
severity and active lupus nephritis. Functionally, despite lacking the human MBC marker
CD27, the frequency of CD11cM B cells correlated with circulating plasma cell numbers and
serum autoantibody titers, and this B cell subset was poised to differentiate into
autoantibody-producing ASCs ex vivo (25). Similarly, the Sanz group has delineated a
distinct extrafollicular B cell activation pathway driving pathogenic ASC expansion in
human SLE. In a predominantly African American lupus cohort, an expanded frequency of
active naive (aNAV; defined as IgD*CD27"CXCR5-CD11c*) and double-negative 2 (DN2;
IgD"CD27-CXCR5~ CD11c *) B cells was observed, which correlated with disease activity
and autoantibody titers (26, 60). Importantly, clonal analysis and transcriptional phenotyping
demonstrated an /7 vivo developmental link between unswitched IgM* aNAV B cells,
switched IgG* DN2 and circulating ASCs (26). Similar to our findings, DN2 B cells
exhibited conserved BCR signaling (26), suggesting distinct functional characteristics of this
subset compared with “exhausted” CD21'° B cells observed during chronic infection (38—
42).

In summary, the current study advances our understanding of CD11c* ABC biology by
functionally characterizing this B cell subset as an MBC population. Based on these data and
parallel studies in human lupus (25, 26, 60), we predict that ABCs are an important source
for pathogenic ASCs in SLE, likely generated via a continuous, extrafollicular B cell
activation pathway. More importantly, this MBC population may drive disease relapse
following treatment discontinuation. Although B cell depletion with rituximab (Rituxan)
induces rapid depletion of circulating CD20* B cells, diverse tissue-resident B cell
subpopulations are known to resist anti-CD20 B cell depletion (61-64). Clinical data
indicate that MBC are included among the rituximab-resistant B cell populations based on
evidence of rapid “memory-like” antibody responses to secondary vaccination after anti-
CD20 B cell depletion (65, 66). By characterizing CD11¢c* ABCs as an MBC population,
our findings, in combination with recent reports (10, 11, 25, 26, 28, 60), suggest that ABCs
likely contribute to disease pathogenesis and to frequent clinical relapses in human
autoimmunity. More importantly, we predict that more effective targeting of CD11¢* ABCs
may be an effective therapeutic strategy in SLE, by eliminating an important source of
pathogenic ASCs.
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Key points:
. CD11c* ABCs exhibit functional characteristics of memory B cells.
. ABCs express polyreactive B cell receptors binding diverse self-antigens.
. Adoptively-transferred ABCs contribute to rapid recall responses to viral

antigens.
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Figure 1: ABCs are a predominantly quiescent population with an extensive replication history
(A, B) KREC analysis of sorted naive B cells (CD19*CD11b"CD11c"FAS™), CD38!°FAS*

GC B cells, and CD11b*CD11c* ABCs from 12-month-old C57BL/6 female (A) and
autoimmune WAS chimera (B) mice. (C) % BrdU positive B cells in naive, GC, and ABC
compartments in 18-month-old aged female (left) and WAS chimera (right) mice. (A-C)
Each data point indicates an individual animal, pooled from two independent experiments. *,
F£<0.05; **** p£<0.0001; by one-way ANOVA, followed by Tukey’s multiple comparison
test. (D) FACS plots showing gating of GC B cells and ABCs (left panels), and histograms
of BrdU labeling in indicated subsets (right panels) in representative 18-month-old C57BL/6
female (upper panels) and WAS chimera (lower panels) mouse. Number indicates % within
gate.
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Figure 2: ABCs express a diverse, somatically-mutated BCR repertoire
(A) Heavy chain (left; p FM and ABC, y WAS GC) and light chain (right; x and ) variable

gene family usage among single sorted 3-month-old WT FM B cells
(CD19*CD21intCD24in) ABCs from 8-month-old WT female mice, ABCs from
autoimmune WAS chimeras (CD19*CD11b*CD11c*), and GC B cells (CD19*PNA*FAS™)
from WAS chimera mice. (B) Amino acid usage in heavy and light chain variable genes
from sorted ABCs from aged female mice, compared with control FM B cells from 3-
month-old WT animals. (C) Mutation count in heavy and x light chain variable genes in
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sorted single B cells from indicated genotypes. *, A<0.05; **, P<0.01; ***, £<0.001; ****,
FP<0.0001 for each experimental population compared with WT FM control mutational
frequency, by Kruskal-Wallis one-way ANOVA test. (D) Nucleotide substitution patterns in
mutated sequences from sorted aged WT and autoimmune WAS chimera ABCs. Numbers
indicate percentage of each specific type of substitution among mutated BCRs,
demonstrating bias for G to A and C to T transitions.
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Figure 3: Self-reactivity of ABC repertoire is broadly similar to naive FM B cells
(A) ELISA serial dilution curves showing reactivity of mAb cloned from single FM and

WAS ABCs towards autoantigens DNA, Sm/RNP, and phosphorylcholine (PC-10). (B)
Percentage of mAb reactive to specific autoantigens (blue=reactive clones based on
AUC>10, gray=nonreactive clones; numbers within pie chart indicate percentage reactive
clones and total number of clones tested). (C) Cloned mAb reactivity by calculated AUC of
autoantigen ELISA dilution curves. Each data point indicates an individual mAb. NS=not
significant, by Mann-Whitney test. (D) mAb reactivity by autoantigen microarray. Specific
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autoantigens are ordered from left to right based on intensity of reactivity. Each row
represents a pool of 4 randomly selected FM and WAS ABC cloned mAb. (E) Calcium flux
following anti-lgM stimulation of CD11b*CD11c* ABCs (red), FM (solid line), and MZ B
cells (dashed line) from representative WAS chimera mouse at 24 weeks post-transplant.
Upper panel: High dose anti-lgM (10ug/mL); Lower panel: Low-dose anti-IgM (1ug/mL).
(F) Calcium flux in 17-month-old female WT mouse stimulated with 10pg/mL anti-IgM.
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Figure 4: ABCs express B cell memory markers
(A) Histograms showing expression of MBC markers CD80, PD-L2, CD73, and FAS on

CD11b*CD11c* ABCs (black line), compared with CD11b"CD11c™ naive B cells (gray),
from representative 19-month-old female WT mouse. (B) Left panel: FACS plots showing
gating of CD11b*CD11c* ABCs and CD11b~CD11c™ naive B cells from representative
WAS chimera mouse. (Middle, left panels) Surface CD80/PD-L2 and CD80/CD73
expression on naive B cells (middle) and ABCs (left). Number indicates % within
CD80*PD-L2* and CD80*CD73* gates.
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Figure 5: Adoptive transfer model confirms memory phenotype of CD11c* B cells
(A, B) VLP Memory model: Anti-VLP IgM (A) and 1gG (B) titers after immunization of

WT mice with QB-VLP, followed by empty Qp-VLP (ssRNA-free) booster at 100 days. As
predicted, secondary immunization with empty VLP induced an enhanced anti-VLP IgG
response, but no significant increase in IgM titers. Empty Qp-VLP alone (without primary
immunization) resulted in minimal anti-VLP IgM or IgG. (C) Diagram of experimental
strategy showing timing of primary QB-VLP immunization, adoptive transfer of CD11c* B
cells into naive recipients, and secondary immunization with empty Qp-VLP. (D) ELISA
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dilution curves showing rapid appearance of anti-VLP IgG titers between days 4 and 6 after
empty QB-VLP immunization, in animals adoptively transferred with VLP-primed CD11c*
B cells (lower panels). Control animals without CD11c* transfer developed minimal anti-
VLP 1gG Ab (upper panels). (E) Anti-VLP IgM (upper) and 1gG (lower) titers on indicated
days after empty QB-VLP immunization. Error bars indicate S.E.M. *, /<0.05; **, /<0.01;
by Kruskal-Wallis one-way ANOVA test.
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