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A distinct B cell population marked by elevated CD11c expression is found in patients

with systemic lupus erythematosus (SLE). Cells with a similar phenotype have been

described during chronic infection, but variable gating strategies and nomenclature

have led to uncertainty of their relationship to each other. We isolated CD11chi cells

from peripheral blood and characterized them using transcriptome and IgH repertoire

analyses. Gene expression data revealed the CD11chi IgD+ and IgD− subsets were

highly similar to each other, but distinct from naive, memory, and plasma cell subsets.

Although CD11chi B cells were enriched in some germinal center (GC) transcripts and

expressed numerous negative regulators of B cell receptor (BCR) activation, they were

distinct fromGCB cells. Gene expression patterns from SLE CD11chi B cells were shared

with other human diseases, but not with mouse age-associated B cells. IgH V-gene

sequencing analysis showed IgD+ and IgD− CD11chi B cells had somatic hypermutation

and were clonally related to each other and to conventional memory and plasma cells.

However, the IgH repertoires expressed by the different subsets suggested that defects

in negative selection during GC transit could contribute to autoimmunity. The results

portray a pervasive B cell population that accumulates during autoimmunity and chronic

infection and is refractory to BCR signaling.
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INTRODUCTION

A unique subset of B cells that express high levels of CD11c, an integrin, and T-bet (Tbx21),
a transcription factor, is generated in humans during autoimmunity and chronic infection. In
autoimmunity, expanded populations of autoreactive CD11chi B cells are found in patients with
SLE, and they correlate with several measures of disease activity (1). Related B cell subsets in SLE
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FIGURE 5 | Marker genes and a few pathways are similar between human CD11chi IgD− B cells and mouse ABCs, but ABCs are mostly distinct from the human

cells. (A) Transcripts in common and either increased or decreased between murine ABC DE to murine FO B cells (GSE28887) and human CD11chi IgD− B cells DE

to human naïve B cells (GSE110999). Murine gene symbols were translated to human orthologs and compared to human gene symbols (gene symbols in

Supplementary Data File 10). (B) GO BP analysis of increased and decreased transcripts of murine ABC compared to murine FO B cells. Red asterisks indicate

pathways in common with human CD11chi B cells. Mouse gene symbols for increased or decreased genes were entered directly into DAVID for GO BP analysis and

enriched categories with genes listed are in Supplementary Data File 11. (C) Hierarchical clustering of the log fold change for increased genes from each human

cell type DE to naïve human B cells, and murine ABC cells DE to murine FO B cells. Murine genes were converted to human orthologs for this analysis. The color

numerical scale represents the log fold change to naïve B cells. Morpheus (https://software.broadinstitute.org/) was used for hierarchical clustering. Gene symbols

and LFC are listed in Supplementary Data File 12.
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FIGURE 6 | IgH repertoire analysis of CD11chi IgD+ and IgD− B cells compared to average V-gene usage in naïve, memory, and plasma cells. Bars represent the

average V-gene usage in CD11chi IgD+ (black) and CD11chi IgD− (yellow) B cells. Lines represent the average V-gene usage in naïve (A, red), memory (B, blue), or

plasma cells (C, green). Shaded area and error bars represent the standard error of the mean; *represents p < 0.05 by Fisher exact test.

B cells. The V4–34 gene associated with autoimmunity (37)
was highly expressed in CD11chi B cells, but not at a level
different from the naïve population. However, when compared
to memory B cells, both CD11chi IgD+ and IgD− populations
manifested greater variance in V-gene utilization with 3 genes

over-expressed and 3 genes under-expressed (Figure 6B). When
compared to circulating plasma cells, both CD11chi subsets
showed 6 genes were over-expressed, including V4–34, and
2V genes were under-represented (Figure 6C). This suggests
that the CD11chi population contains a diverse repertoire
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FIGURE 7 | IgH V-gene mutation frequency. (A) Combined frequencies for

each cell population from eight SLE patients. (B) Frequency for the CD11chi

IgD+ (black) and CD11chi IgD− (yellow) B cells from each individual SLE

patient. Dots represent the mutation frequency for each IgH sequence, red line

represents the average frequency of the population.

similar to naïve, and they appear to lack significant selection
against antigen.

Somatic Hypermutation Frequencies Are
Consistent With a GC Origin
Mutation frequencies were measured to confirm active
diversification of VH genes. Naïve B cells had a frequency
of 0.4 × 10−2 mutations/bp, which likely represents the PCR
error rate (Figure 7A). The average mutation frequency in
CD11chi B cells was substantially elevated for IgD+ sequences,
2.8 × 10−2, and IgD− sequences, 4.7 × 10−2. The higher
mutation frequency in VH genes from IgD− cells was confirmed
in samples from most of the individual patients (Figure 7B),
which supports the conclusion that switched cells undergo
more mutation events (42). As a comparison, the mutational
frequency in memory and plasma cells was even higher at 6.0
× 10−2 and 7.7 × 10−2, respectively (Figure 7A). Nonetheless,
the data are consistent with the observation that both CD11chi

IgD+ and IgD− B cells have mutational frequencies typical of a
GC experience.

CD11chi Subsets Are Clonally Related to
Each Other and to Memory and Plasma
Cells
To further confirm that CD11chi IgD+ and IgD− B cell subsets
from SLE are a common cell population with various stages of
class switching, we analyzed the clonal relationship between the
two populations. To create clonally-related trees, DNA sequences
with identical VH CDR3 nucleotide sequences were considered
to be related and were grouped together. In each case, the
common precursor had undergone somatic hypermutation with
additional mutations occurring after the cells branched. The
results in Figure 8A show that unique mutations occurred in
both IgD+ and IgD− branches. Since our analysis suggests
that CD11chi B cells are GC-emigrants, we wanted to address
whether they originate from the same precursor cell as memory
and plasma cells. Comparing CD11chi to memory B cells, we
identified several clonally-related cells, which were independent
of IgD status (Figure 8B). Similar clonal relationships were seen
with CD11chi and plasma cells (Figure 8C). Taken together, this
analysis demonstrates that CD11chi B cells originate from the
same precursor population as other antigen-experienced B cells.

DISCUSSION

Evidence that CD11chi B cells represent a distinct stage of B cell
differentiation separate from naïve B cells or classical memory
B cells comes from the thousands of DEGs compared to either
of these populations, as well as the distinct separation of naïve,
memory and CD11chi IgD+ and IgD− B cells by PCA. A recent
report using mass cytometry also shows clear separation of a
similar CD19hi CD11c+ population from other B cell subsets in
healthy donors (43). Moreover, the B cell populations referred to
as CD11chi, anergic, atypical, and DN2 are more closely related
to each other than to either naïve or memory B cells, suggesting
that they represent B cells at similar, if not identical, stages of
differentiation. Using a different procedure to identify these cells
(CD27− CXCR5−), Sanz and colleagues have suggested that there
may be two different subpopulations based on IgD expression:
IgD+ activated naïve (37, 38) and IgD− DN2 cells (3).

Our current analysis employed a systems biology approach
that did not rely on expression of a single gene to trace
these populations, but instead looked at thousands of DEGs
to delineate the transcriptional networks operating in each
cell type. The results indicate that the populations are highly
synonymous despite the differential expression of IgD. Notably,
molecular analysis of the DEGs of CD11chi IgD+ and IgD−

B cells demonstrated large numbers of increased transcripts
associated with the negative regulation of signaling through
the B cell receptor, as well as increased transcripts of genes
associated with lysosome, endosome and cytoskeletal proteins.
This analysis showed that even though the CD11chi IgD+ B cells
shared a few genes in common with naïve cells, in agreement
with previous work (37), CD11chi IgD+ and IgD− B cells were
equally distant to both naïve and memory cells. Of note, there
were 175 differentially expressed transcripts between CD11chi

IgD+ and IgD− B cells, which explains their individual grouping
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FIGURE 8 | Clonal tree analysis. IgH V-genes with identical CDR3 nucleotide sequences were compared between two independently sorted populations from a single

patient. Examples of shared sequences between: (A) CD11chi IgD+ (black circle) and CD11chi IgD− (yellow circle) clones, (B) CD11chi IgD+ or IgD− and memory

(blue circle) B cell clones, and (C) CD11chi IgD+ or IgD− and plasma cell (green circle) clones. White circles represent the naïve precursor labeled with its V-gene

identity. Dashed circles represent a hypothetical intermediate cell which contained shared mutations before diverging. Numbers on arrows represent the number of

mutations between cells.
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by PCA analysis. By hierarchical clustering, IgD+ and IgD- B
cells were intermingled by patient rather than separating by
IgD− and IgD+ groups, and they were equally distant from
naïve and memory B cells. This likely represents the differences
in these graphical representations; PCA emphasizes differences
to find the sources of variance between samples as opposed
to hierarchical clustering that tries to form groups based on
similarities. Therefore, the data suggest that these cells are
virtually indistinguishable by gene expression profile, implying
a comparable functional and differentiation status. Their Ig VH

repertoires were also analogous, and the VH genes had similar
levels of somatic hypermutation. Thus, these two populations are
remarkably similar except for heavy chain isotype expression.

Transcriptomic analysis revealed a vast separation of
expressed genes and cell signaling pathways between CD11chi

cells and memory or plasma cells. It has been suggested
that since CD11chi cells are antigen-experienced, they would
share memory characteristics. Although they have increased
transcripts for lysosome, endosome, and cytoskeletal genes, these
may indicate increased antigen presentation capabilities. HLA
class II transcripts were enriched as a group in CD11chi B cells,
and may facilitate antigen presentation, which is consistent with
data from the ABC population expressed in autoimmune-prone
mice (44). Although B cells from humans and mice expressing
CD11c have been considered to be ABCs, we directly examined
how related they were by comparing DEGs and pathway analysis
of increased and deceased transcripts compared to naïve B cells.
Our results suggest that there is some overlap in cell markers, and
both populations had increased B cell inhibitory signaling genes,
but there were many differences in pathways between these two
populations. The increase in multiple cytokines and chemokines
by mouse ABC seemed to suggest a very different functional
relevance. Functionally, ABCs respond to TLR stimulation while
they are refractory to BCR and CD40 activation (24). However,
CD11chi B cells proliferate rapidly in the presence of activated
T cells or CD40 and BCR stimulation (1). Is there a CD11chi

functional homolog in mice? Recent analysis has shown the
presence of T-bet+ B memory cells, which are derived from the
GC (45). A small subset of these cells expressed CD11c and may
be a functional equivalent to human CD11chi B cells. Further
studies are needed to determine whether the two cell types have
analogous functions.

Notably, CD11chi B cells shared only a few transcripts with
GC cells, suggesting they are no longer participating in these
processes. The over-expression of some GC genes, such as
AICDA, in comparison to memory B cells may indicate a
more recent emigration from the GC. Analysis of mutation
frequencies clearly showed that VH genes of CD11chi B cells
were highly mutated compared to naïve B cells, consistent with
a GC experience, although they were not as mutated as either
memory B cells or plasma cells, implying a truncated GC transit.
Consistent with an origin within the GC, CD11chi B cells have
a shared clonal ancestor as memory and plasma cells which
are byproducts of the GC. Reports also suggest that CD11chi

cells are poised to become plasma cells (1, 3). However, we
found minimal shared transcriptional networks with plasma
cells, such as unfolded protein response, increased endoplasmic

reticulum, Golgi, and Ig transcripts. Thus, CD11chi B cells appear
to be derived from the GC under inflammatory conditions, and
they are transcriptionally positioned between GC B cells and
plasma cells.

IgH V gene analysis revealed that even though CD11chi B
cells were not different in their repertoire compared to naïve
B cells, they were significantly different from both memory
and plasma cells. This suggests there is something different
about the selection process for CD11chi B cells. For example,
the IgH V4–34 gene associated with autoimmune antibodies
has been reported to be excluded or negatively selected in GC
(46), but our repertoire analysis confirmed that the V4–34 gene
was enriched in CD11chi B cells compared to the memory
and plasma cell populations. One possible explanation is that
CD11chi B cells expressing autoimmune V genes are not properly
negatively selected in the GC, accounting for their enrichment in
autoantibody production in memory and plasma cells (1, 3).

Indeed, the most startling characteristic of the CD11chi

subset is its resistance to stimulation through the BCR. The
population has increased transcripts associated with inhibitory
PTP, inhibitory FCRL, inhibitory DUSP and inhibitory signaling
adaptors, indicating that they are hyporesponsive to BCR
stimulation. Rather than being deleted, CD11chi B cells may
have survived and exited the GC as autoreactive B cells that are
refractory to BCR signaling. Dampened BCR signaling is a shared
characteristic of atypical memory cells frommalaria patients (21),
CD21low B cells from RA or CVID patients (7), and CD21−

SYKhigh B cells from HIV, CVID and SLE patients (47). These
cells now represent a threat, in that if they receive a rescue signal
by bystander help through another receptor such as CD40 or
TLR7, they can differentiate into autoantibody-producing plasma
cells (1, 3, 4). Future efforts to control their activation may
mitigate progression of disease.
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