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Abstract

CD11c+ T-bet+ B cells have now been detected and characterized in different experimental and
clinical settings, in both mice and humans. Whether such cells are monolithic, or define subsets of
B cells with different functions is not yet known. Our studies have identified CD11c+ IgM+
CD19M splenic IgM memory B cells that appear at approximately three weeks post-ehrlichial
infection, and persist indefinitely, during low-level chronic ehrlichial infection. Although the
CD11c+T-bet+ B cells we have described are distinct, they appear to share many features with
similar cells detected under diverse conditions, including viral infections, aging, and
autoimmunity. We propose that CD11c+ T-bet+ B cells as a group share characteristics of memory
B cells that are maintained under conditions of inflammation and/or low-level chronic antigen
stimulation. In some cases, these cells may be advantageous, by providing immunity to re-
infection, but in others may be deleterious, by contributing to aged-associated autoimmune
responses.

Introduction?

CD11c+ T-bet-expressing B cells are now recognized as a novel and distinct B cell
population that is important for long-term immunity to infections, and for autoimmunity. A
diverse set of observations, from different experimental models, as well as clinical studies,
have suggested that B cells defined by expression of CD11c, T-bet, and other diagnostic cell
surface markers and transcription factors, form a discrete B cell subset. These cells appear to
be induced by a common mode of innate activation, and may be maintained for long periods
of time by chronic inflammation, or antigen stimulation. Our investigations have been
facilitated by the use of a bacterial infection model, which has allowed us to study the
genesis, differentiation, and maintenance of CD11c+ T-bet+ B cells, which include novel
IgM memory cells, in a unique experimental context. We have observed similar properties of
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CD11c+ T-bet+ B cells as those described in other studies, but also distinct differences,
which may be attributed to different modalities of B cell activation during infection. Our
objective in this review is to describe how our studies, in a bacterial infection model,
integrate with and inform other studies emerging from this exciting area of B cell biology.

Discovery of CD11c+ B cells

We first identified CD11c+ expressing B cells, fortuitously, in 2008, as part of unrelated
studies designed to investigate possible roles for DC subsets during ehrlichial infection [1].
Although a there had been a few prior reports of CD11c transcribed or expressed on B cells,
primarily in humans, our finding was unexpected, and indeed, a number of experiments were
required to demonstrate that the CD11c+ splenocytes were, indeed B cells. Our studies were
performed primarily in an experimental C57BL/6 mouse model of ehrlichiosis, which
utilizes a pathogen known as Ehrlichia muris. E. murisis a vector-borne bacterium,
transmitted by the Ixodes tick, and, like many related rickettsiae, are obligate intracellular
bacteria. £. muris primarily infects monocytes and macrophages [2], although we have also
detected the pathogen in DCs [3]. Although £ muris was originally described as a mouse
pathogen, a closely related, if not identical pathogen, has been shown to infect humans
(known as the E. muris-like agent, or EMLA, [4]). As an obligate intracellular pathogen, £.
muris cannot replicate outside of host cells, although we have reported that the bacteria can
be found extracellularly [5], a property that is presumably necessary to facilitate blood-borne
transmission, and which at the same time may predispose the bacteria to clearance by
antibodies [6]. £. muris infection, which is not fatal in immunocompetent mice and humans,
nonetheless causes a number of clinical manifestations, including anemia,
thrombocytopenia, splenomegaly, as well as hematological alterations, including
myelopoiesis and perturbation of the hematopoietic stem cell niche [7]. The latter likely
develops as a component of host defense, although it is also possible that changes in
hematopoietic activity are orchestrated by the bacteria.

Some of the pathologies (i.e., splenomegaly) caused by E. muris infection persist, likely
because the bacteria establish a low-level chronic infection [3, 8]. Chronic infection is
associated with increased frequencies of CD69+ KLRG-1+ CD4 T cells in the spleen, as
well as high expression of IAP on F4/80 splenic macrophages [3], indicating that the spleen
may maintain an inflammatory environment that supports long-term B cell responses. Of
particular relevance for the current discussion is the additional finding that the ehrlichiae as a
group do not encode canonical TLR ligands, including LPS and peptidoglycan [9]. The
means whereby the ehrlichiae trigger innate immunity is unknown, and likely involves
innate pathways other than TLR signaling.

E. muris infection generates strong cellular and humoral immune responses [10-13]. These
responses are capable of protecting infected mice from a second, fatal, challenge infection
with a closely related ehrlichia known as /xodes ovatus ehrlichia (I0OE; [14]); in the absence
of pre-existing immunity, IOE is fatal within approximately 14 days post-infection. Our
studies of immunity using the £. muris model revealed, however, that short-term protection
from fatal IOE infection could be achieved independently of CD4 T cells ([15]; later studies
showed that CD4-deficient mice eventually succumb within approximately 90 days post-
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infection). These observations supported our previous studies which demonstrated that
antibodies were highly effective in protecting immunodeficient SCID mice from fatal
infection with a related ehrlichia, £. chaffeensis. T-independent immunity to £. muris was
unexpected, given the well-described role of CD4 T cells and cellular responses for
immunity to prototypic intracellular bacteria. Although £. muris infection is associated with
robust antigen-specific IgM and IgG responses, we showed that IgM, by itself, was sufficient
for long-term immunity to fatal infection [16], observations which supported a major role for
T-independent humoral immunity in host defense. The origin of the protective IgM response
was unknown, however, prior to our discovery of CD11c+ T-bet+ B cells, which occurred at
about the time when we first observed CD4 T cell-independent immunity.

Our first observation relevant to CD11c+ T-bet+ B cells, was the detection of a large
population of MHCII+ CD11c+ splenocytes, beginning on about day 7 post-infection [1].
Although the cells were first thought to be dendritic cells, further analysis revealed that they
also exhibited surface expression of B220, as well as a number of other classical B cell
surface markers, which unambiguously identified the cells as B cells. The population was
detected at its highest frequency and number on day 11 post-infection (two days following
peak bacterial infection), and persisted until at least day 18 post-infection. The CD11c+ B
cells were found in remarkably high frequency and number, as high as 20% of total
splenocytes, representing as many as 25 million cells within the spleen. The cells were also
found to reside in the splenic red pulp, an observation that was also consistent with their
CDA4 T cell-independent origin (i.e., lack of a requirement for GCs for their generation).

A key to understanding CD11c+ B cell function was the expression of CD138 (Syndecan-1;
a marker of antibody-secreting cells), on a large proportion of the CD11c+ B cells. Indeed,
ELISpot analyses of flow cytometrically-purified CD11c+ B cells revealed that nearly all of
the antigen-specific ASCs that were detected early during infection in the spleen were found
within the CD11c+ B cell population [1]. Moreover, the predominant Ig that was secreted by
the B cells was IgM. Later studies from our laboratory showed that most of the IgM
produced by these cells recognized an immunodominant outer membrane protein known as
OMP-19; however, many of the IgM produced from hybridoma cell lines were polyreactive,
that is, these antibodies had the capacity to bind to diverse, structurally-unrelated antigens,
including proteins, carbohydrates, and DNA [17]. It is not known whether the capacity of the
CD11c+ B cells, which are formally plasmablasts, to generate polyreactive IgM, bears any
relationship to their origin as T-bet-expressing B cells. Although the polyreactive antibodies
produced bind to DNA and chromatin, in preliminary studies we did not detected any
acceleration of autoimmunity in £. muris-infected autoimmune-prone NZB/NZW mice
(unpublished data).

Although we did not initially characterize T-bet expression in the CD11c+ B cells we
detected during acute ehrlichial infection, the transcription factor is expressed by these cells
(Figure 1A). Thus, early CD4 T cell-independent plasmablasts are among the widening
examples of B cells that can be distinguished on the basis of both CD11c¢ and T-bet
expression. In addition to CD11c and T-bet, the CD11c+ B cells expressed the integrin
CD11b, which can be expressed on B-1 cells ([18]; the B cells we characterized were CD5-
negative), and exhibited high expression of the VLA-4 subunits CD29 and CD49d [1].
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Although CD11b expression is characteristic of B-1 cells, and B-1 cells can be found within
the spleen, none of our other studies have supported the conclusion that the CD11c+ T-bet+
B cells we identified are derived from this B cell lineage. The splenic CD11c+ B cells also
exhibited low surface expression of CD21, CD23, CD62L, and high expression of CD43,
CD44, CD9, CD38, CXCR4, and TACI, relative to canonical follicular CD19+ B cells [1].
In recent studies from our laboratory we have also shown that the CD11c+ T-bet+
plasmablasts, or a common precursor, give rise to long-term CD4 T cell-independent
CD11c-negative bone marrow IgM ASCs that we have also detected during ehrlichial
infection ([16]; unpublished data). These data revealed that CD11c+ T-bet+ ASCs can be
generated independently of CD4 T cells during acute infection, and can contribute to
protective immunity during both and acute and chronic infection. Moreover, our work
indicates that T-bet expression, per se, does not necessarily dictate B cell effector function,
but perhaps is characteristic of a unique lineage or cell population that is elicited in B cells
under similar innate inflammatory conditions.

CD11c expression in B cells

Our initial observation regarding the novel expression of CD11c in B cells in a murine
infection model, was preceded by other studies, mostly in humans, that reported CD11c
expression in mitogen-activated B cells [19], and in Hairy cell leukemia cells (HCLs). HCLs
are typically characterized on the basis of their expression of CD11c, CD25, CD103, and
CD123 [20, 21]. Given their characteristic expression of CD11c, it is likely that HCLs are
derived from immortalized CD11c+ T-bet+ B cells. Other human B cells, including memory
cells, characterized by expression of the Fc Receptor (FcR)-like proteins, FcRL4 and/or
FcRL5, have been shown to also express CD11c [22-25]. Although the function and role of
these FcR-like proteins is not well-understood [26], FcrRL4 has been reported to enhance
TLR signaling [27], and both FcRL4 and FcRL5 both have been reported to bind
immunoglobulins [28]. Yet other studies have described a CD21'® B cell subset that bears
close resemblance to CD11c+ T-bet+ B cells; although CD11c expression was not analyzed
in the studies of CD21!° B cells, CD11c+ B cells have been reported in other studies to
exhibit a common feature of low relative expression of CD21 [22, 24, 29-32]. CD21°
human B cells have been proposed by some investigators to be exhausted or anergic B cells
[24, 29-33]. Another study demonstrated that murine CCR6MCD11c/" B cells were shown
to promote M-cell differentiation in Peyer’s patches [34]. These data together provided an
early indication that CD11c+ B cells, or their equivalents, are important in humans.
Examples of studies that have reported CD11c expression in B cells in healthy and diseased
humans and mice are shown in Table I.

The relevance of CD11c+ B cells to human health is supported by other work, published in
2011, that identified CD11c expression in SLE-prone mice, and in elderly autoimmune
women [35]. The CD11c+ B cells detected in women were responsible for the production of
autoantibodies. Given their detection in and association with aged individuals, the B cells
were named Age-related B Cells (ABCs). Among a panel of genes uniquely expressed by
the ABCs was T-bet [35]. The authors also reported a major role for TLR7 signaling in
driving the development of this population, likely via an antigen-dependent mechanism. The
report was the first to identify T-bet expression in CD11c+ B cells in mice. Hao et al., also in

Cell Immunol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Winslow et al.

Page 5

2011, described large populations of ABCs in aged C57BL/6 mice [36]. Although the latter
authors did not report CD11c or T-bet expression in the B cells, these were likely the same
or similar to the cells described by Rubtsov and colleagues. In the studies by Hao et al., it
was reported that the B cells were refractory to stimulation via the B cell receptor. A role for
T-bet function in CD11c+ B cells was addressed further by Rubtsova et al. in 2013, where
the authors demonstrated that signaling via the BCR, TLR7, and the IFNy receptor,
synergized to activate T-bet, CD11c, and CD11b expression, as well as the production of
1gG2c [37]. Additional signaling, via IL-21, in concert with TLR9, was shown to promote T-
bet expression /n vitro [38, 39]. These studies together have led to the emerging consensus
that T-bet expression defines these cells as novel B cell subset. CD11c and T-bet expression
are not always co-incident, however [38]; indeed, in our own studies we have also observed
T-bet-positive B cells that do not express CD11c (see below).

Although T-bet is now well-known as a factor required for Th1 cell differentiation, T-bet has
been known to be expressed by B cells since the discovery of the transcription factor [40]. T-
bet expression has been long-recognized to be associated with 1gG2a/c production [41] [42,
43], and T-bet is expressed in 1gG2a/c memory B cells [44]. Both IFN-y and CpG (via
TLR9) have been shown to activate T-bet expression in B cells [45], and it has been
demonstrated that IL-27 can play an important role in T-bet expression and class switching
to 19G2a [46]. Thus, T-bet expression can be triggered via IFNy, TLR, and IL-17 receptors
on B cells, where it appears to function analogous to its function in T cells, where it drives
CDA T cell polarization [44, 47].

CD11c+ T-bet+ IgM memory cells

Ongoing studies in our experimental model of ehrlichial infection led us to the discovery of
a second, perhaps related, CD11c+ T-bet+ B cell population [48]. These CD11c+ B cells
were also detected in the spleen, beginning at about 3 weeks post-infection, not long after
the CD11c+ plasmablast population described above declines in frequency. Similar to the
early plasmablasts described in our earlier studies, these later CD11c+ B cells were present
at high frequencies during infection, and were detected primarily in the spleen [48]. Few, if
any, CD11c+ B cells were detected in young, uninfected C56BL/6 mice. Spleen CD11c+ B
cells analyzed on day 30 post-infection expressed T-bet (FigurelB), IgM, and a number of
other cell surface proteins known to be differentially expressed by switched memory B cells
elicited by (4-hydroxy-3-nitrophenyl) acetyl (NP) immunization, including CD73, CD80,
CD86, CD38, CD95, and PD-L2 [48]. Moreover, the CD11c+ T-bet+ B cells did not exhibit
a surface receptor phenotype typically associated with GC B cells (i.e., the were GL7!° and
CD38M); this was a consideration, as GC B cells can be long-lived [49].

We used a number of criteria to establish that the CD11c+ T-bet+ B cells we identified were
indeed memory cells, even though, paradoxically, they were detected at much higher
frequencies and numbers than was expected for canonical memory B cells. In addition to
their expression of cell surface markers characteristic of memory B cells, the CD11c+ B
cells were largely quiescent, persisted indefinitely, and were not antibody-secreting cells;
approximately half of the population expressed mutated BCRs, indicative of AID expression
triggered by antigen [48]. We formally addressed whether the IgM CD11c+T-bet+ B cells in
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our model infection were memory cells, by depleting the CD11c+ B cells in CD11c-
diphtheria toxin (DT)-transgenic mice. The mouse strain was originally generated to assess
immune function in mice that lacked CD11c+ DCs [50]. For our studies, we avoided
confounding problems associated with DC depletion, by generating bone marrow-chimeric
mice, wherein all B cells were DT-sensitive, but most DCs (50-90%) were DT-insensitive
(CD11c+ B cell depletion was verified in the treated mice). We administered specific antigen
(ehrlichial OMP-19) to ehrlichial-infected mice on day 30 post-infection, and treated the
mice with DT on days -1 and 6 post-antigen administration. ELISA performed on day 12
post-antigen challenge revealed a major reduction of the amnestic antigen-specific 19G2c
response, formally demonstrating that CD11c+ B cells were required for recall responses,
demonstrating that the population contained antigen-specific IgM memory B cells [48].
Similarly-defined memory B cells had been described in the literature [51, 52], but the cells
received limited attention in mouse model studies prior to two reports in 2009 and 2011 [49,
53]. Those studies revealed that IgM memory cells were a major reservoir of long-term
immunity. Although our studies have focused primarily on IgM memory cells, we have also
detected switched T-bet+ memory cells in our model (unpublished data), consistent with
other studies that have reported both switched and non-switched CD11c+ T-bet+ B cells
[35].

Although the CD11c+ T-bet+ memory cells we identified expressed 1gM, as indicated above,
we detected antigen-specific IgG2c following challenge [48]. This observation is consistent,
however, with other studies of IgM memaory cells that demonstrated that, following antigen
challenge, IgM memory cells can enter GCs and undergo class switch recombination [49,
53]. Indeed, one possible benefit of IgM memory cells may be their ability to undergo class
switching and somatic hypermutation during secondary infection, a fate that differs from
switched memory B cells, which are thought to primarily undergo plasma cell differentiation
following antigen challenge [54]. The production of IgG2c is also consistent with other
reports that demonstrated that this antibody isotype predominates among switched B cells
[55-57]. More recent studies from our laboratory have revealed that GC differentiation of
CD11c+ IgM memory studies following re-infection is accompanied by down-regulation of
CD11c (unpublished data); these findings explain why we had been unable to identify
switched CD11c+ memory cells after antigen challenge in our published studies.

We also addressed whether the IgM memory cells in our studies underwent somatic
mutation, as has been reported for IgM memory cells in other studies [49, 53, 58, 59]. Our
analyses revealed that over 50% of the T-bet+ CD11c+ memory cells we characterized
carried B cell receptor heavy chain mutations, albeit at a relatively low frequency (from 1 to
6 mutations per cell). These data revealed that AID was expressed in at least a portion of the
IgM memory cells. We confirmed this conclusion in later studies, and demonstrated that
AID expression can be used as an additional marker for T-bet+ CD11c+ memory cells
elicited during ehrlichial infection (unpublished data). AID mRNA expression was, by
comparison with GC B cells, much lower, which may explain why IgM memory cells
undergo limited somatic mutation in the absence of class-switch recombination. The
apparent low AID activity also suggests that the IgM memory cells develop independent of
GCs, although this has not yet been resolved.
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Generation of the CD11c+ B cells in our infection model was distinct from the early day 10
T cell-independent CD11c+ plasmablasts described above, in that the memory cells required
both CD4 T cells and 1L-21, for their generation [48]. The CD4 and IL-21 dependency
suggested a role for T follicular helper (T¢,) T cells; a requirement for 1L-21 for the
development of T-bet+ B cells has been demonstrated in recent studies by Cancro and
colleagues [38]. Analysis of IgM memory cells has also revealed that a proportion of cells
present in our experimental infection model do not express CD11c. These cells are likely
closely related, because they express most of the other cell surface markers that we used to
characterize the IgM memory cells, including PD-L2, CD73, CD95, CD80, and TACI;
however, the CD11c-negative cells exhibited lower expression of CD11b (Figure 1C). This
difference, and likely others, suggests that T-bet+ CD11c+ and CD11c-negative T-bet+ IgM
memory cells may perform different functions, have different fates, or simply reflect
developmental changes in CD11c expression. With regard to the latter interpretation, our
observation that DT treatment in CD11c-promoter DT transgenic mice largely ablated
secondary 1gG2c responses to antigen [48] suggests that the CD11c-negative cells transition
to CD11c-positive cells, although this remains to be confirmed.

TLRs and innate signals

One likely important difference between our studies of CD11c+ T-bet+ plasmablasts and
IgM memory cells, and other reports, is the apparent lack of a requirement for TLR
signaling for the generation and/or maintenance of the cells during ehrlichial infection. As
indicated in the discussion above, the ehrlichiae do not encode canonical TLR ligands, such
as LPS or peptidoglycan [9]. Moreover, our studies of MyD88 mice failed to reveal any
change in the generation of CD11c+ T-bet+ plasmablasts in the absence of MyD88-
dependent TLR signaling (unpublished data). We performed additional studies to address
whether TLR signaling played any role in the generation of CD11c+ T-bet+ IgM memory
cell, by utilizing Unc93b-deficient mice, which are deficient in TLR3, 7, 8, and 9 signaling
[60, 61]. Generation of the CD11c+ T-bet+ IgM memory B cells was unaffected by the
absence of Unc93b (Figure 2). These data indicated that TLR signals are not necessary drive
the generation, and likely function, of CD11c+ T-bet+ B cells. This finding was unexpected,
given that TLR signaling has been shown to be very important in several studies of CD11c+
T-bet+ B cells [35, 38, 62].

One possible explanation for this difference is that T-bet expression in our studies is driven
solely by IFN+y, perhaps produced by CD4 T cells, or innate cells [3]. Alternatively, CD11c+
T-bet+ memory B cells may be generated or activated via distinctly different innate signals.
The signals that drive innate immunity and B cell responses in our experimental model
remain unknown, but these data reveal that TLR signaling is not always required to generate
CD11c+ T-bet+ B cells. We have not yet demonstrated formally that TLR signaling is
required for activating CD11c+ T-bet+ B cell functions during ehrlichial infection, although
CD11c+ T-bet+ B cells can undergo secondary responses in the apparent absence of TLRs
[48]. The identification of the innate signals that support the development of CD11c+ T-bet+
B cells during bacterial infection is an active area of investigation.
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Role of Chronic infection and/or inflammation

Another important feature of our experimental model is that £. muris infection is chronic.
Although the bacteria are difficult to detect in spleen and liver, using quantitative PCR, after
about day 30 post-infection, transfer of unseparated spleen cells from infected to uninfected
mice results in infection, which is fatal in immunocompromised SCID or RAG-deficient
mice. Although infection is chronic in C57BL/6 mice, there are few indications of chronic
pathology; however, we have observed higher frequencies of splenic CD4 and CD8 T cells
during chronic infection [3]. Although bacteria are present in the spleen, likely in low
numbers, it does not appear that the IgM memory cells are in continual contact with antigen,
because the bacteria are largely residing inside host cells; moreover, the cell surface
characteristics of the IgM memory cells suggest that they are not chronically activated, nor
are they proliferating [48]. Moreover, the IgM memory cells in our model are maintained
following antibiotic treatment, albeit at a lower frequency [48]. Several studies have reported
antigen-independent activation of T-bet+ B cells, but it is difficult to address whether this
occurs /n vivo. Although the role of antigen in the maintenance of CD11c+T-bet+ B cells, in
our model, and likely others, is unresolved, we propose, that the B cells in our model are
maintained by the presence of low level chronic antigen, and that this may account for the
relatively high frequency of these IgM memory cells. Alternatively, the B cells may be
maintained by chronic inflammation, perhaps via TLRs or other inflammatory signaling,
chronic inflammation associated with autoimmunity, or aged-related inflammation. Our
work is inconsistent with the hypothesis that CD11c+T-bet+ B cells are exhausted or
anergic, as has been suggested in other studies. Indeed, our published and ongoing studies of
CD11c+ IgM memory cells have indicated that at least a portion of the B cells undergo
expansion and GC differentiation following secondary challenge with antigen, or secondary
infection [48]; unpublished data), that is, they formally act as functional memory cells.

Transcriptome analyses

As part of our efforts to identify novel functions of CD11c+ T-bet+ B cells, we have
performed analyses of the transcriptomes of these cells. For these studies, we compared flow
cytometrically-purified CD11c+ and CD11c-negative B cells from infected mice, isolated
after day 30 post-infection. The CD11c+ population consisted of CD11c+ T-bet+ IgM
memory cells; the CD11c-negative cells contained primarily canonical naive B cells, as these
cells were only distinguished only by expression of CD19. The populations were analyzed
using RNAseq, which clearly distinguished the CD11c+ and -negative cells on the basis of
the differential expression of more than 900 genes (Figure 3).

We identified a number of differentially-expressed genes (i.e., those expressed at levels 2-
fold higher or lower, and that exhibited statistically-significant differences) that may play an
important role in the function of CD11c+ T-bet+ B cells, including IgM memory cells (Table
I1). The table only shows a subset of genes with known or potentially important B cell
functions, and is only intended to be a point of departure, because RNA expression in the
cells has not yet been validated using other methods, and because changes in RNA
expression does not always correlate with changes in protein expression [63]. The genes
were arbitrarily classified into groups based on protein functions, and included integrins, cell
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surface receptors, innate receptors, Fc Receptors, and transcription factors. Among the
factors encoded by genes that exhibited striking differences in expression between IgM
memory cells and canonical CD19-positive B cells, were CD11c and T-bet, validating the
integrity of the cell separations and analysis. Other differentially expressed integrins,
included CD29 (encoded by /tgb1), which, with the alpha 4 integrin CD49d, forms VLA-4,
and CD18 (/tgb2), which with CD11c forms the Complement Receptor 4 (CR4). In contrast,
another integrin, /tgb7, which encodes a gut homing receptor, was down-regulated on
CD11c+ IgM memory cells, consistent with the spleen tropism of the memory cells.
Although not detected in the transcriptome analyses, CD11b is also characteristically
expressed on CD11c+ IgM memory cells (see Figure 1¢). These data together demonstrate
that integrin expression is characteristic of these B cells; the role of integrin expression on B
cells is not known, although some studies have indicated that integrins can regulate B cell
migration within the spleen [64, 65]. CD11c also binds iC3b, fibrinogen, and possibly other
ligands [66], but the significance of these possible interactions for CD11c+ IgM memory
cell function is presently unclear.

We also observed high relative expression of Fc Receptors on CD11c+ IgM memory cells,
including FcyRIIb, FcyR4, as well as the FCR common gamma chain, FcyR1g (Table 11).
FcyRIIb, an inhibitory FcR, and the only FcR reported to be expressed by B cells, exhibited
4-fold higher surface expression on CD11c+ T-bet+ IgM memory cells, relative to canonical
CD19+ B cells. In the absence of this inhibitory FCcR, IgM memory cells undergo a major
expansion, relative to wild-type mice (unpublished data). This observation may be
important, because it suggests that FcryRIIb binds immune complexes during ehrlichial
infection, and that these complexes negatively regulate IgM memory cells, as has been
suggested in other studies [53]. FcyR4 has not been shown to be expressed on canonial B
cells, although expression of this receptor has not yet been monitored on IgM memory cells.

Other differences between CD11c IgM memory cells and canonical CD19+ B cells include
relative high gene expression of a member of the sphingosine-phosphate receptor (S1PR)
superfamily, S1IPR5. S1PRs act to regulate egress of lymphocytes from lymphoid tissues, but
these receptors also play a role in intra-lymphoid tissue migration of B cells [67, 68].
Expression Faim3, which encodes a putative IgM Fc receptor [69], was negatively-regulated
on IgM memory cells (Table I1), which would suggest that secreted IgM does not regulate
IgM memory cell function.

Another potentially important cellular pathway identified in CD11c+ T-bet+ IgM memory
cells is adenosine metabolism; the IgM memory cells express on their surface relatively high
amounts of both CD73 [48] and CD39 (unpublished data). CD73 catalyzes the extracellular
hydrolysis of AMP to adenosine, and CD39 acts upstream, by catalyzing the conversion of
ATP to ADP and AMP [70]. These observations are consistent with other studies that
demonstrated that NP-specific switched memory cells characteristically expressed CD73
[71]. CD11c+ T-bet+ IgM memory cells also exhibit relatively high expression of AdoraZa,
which encodes a G protein-coupled adenosine receptor of the A2A subtype [72, 73].
Adenosine has been reported to exhibit anti-inflammatory activity [74]. It seems likely, then,
that IgM memory cells are regulated via adenosine receptors, which likely function by
regulating inflammation, as has been reported for CD73. However, our initial studies of
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CD73-deficient mice have failed to reveal a requirement for this receptor for the generation
or function of IgM memory cells (unpublished data), findings which are consistent with
other published studies that have reported relatively modest effects of CD73-deficiency in B
cells [75]. Nevertheless, further investigation into a role for adenosine and related receptors
on memory B cells will likely be informative. Yet other potentially important cell surface
receptors positively regulated on IgM memory cells include CXCR3 (which is regulated by
T-bet; [76] [77]), TNFR2, the IL-9 Receptor, IL-10R, and CD72. CD72 has been implicated
in B cell regulation; in its absence, anergic B cells proliferated and survived in response to
self-antigen [78]. mMRNA encoding both sialic acid binding Ig-like lectin-G (SIGLEC-G) and
CD24 were also down-regulated in CD11c+ T-bet+ IgM memory cells; the former has been
reported to be involved in B cell tolerance to self-antigens [79]. Genes encoding innate
factors and receptors that were differentially regulated in CD11c+ T-bet+ IgM memory cells
also included components of the C1q complex, complement factor B, and properdin, all of
which suggest a possible role for complement in B cell regulation, even though complement
receptor CR2 mRNA was down-regulated (Table I1). RNA encoding TLR9 and NOD1 were
also upregulated in CD11c+ T-bet+ IgM memory cells, although a role for the TLR or NOD
innate pathways has not been described in innate immunity to ehrlichial infection. The NOD
pathway, as well as other innate intracellular signaling pathways, may provide an alternative
means of innate activation of CD11c+ T-bet+ cells during ehrlichial infection, but the
bacteria are not known to access the cytosolic compartment. Finally, Bc/6 mMRNA was
downregulated in IgM memory cells. Because BCL-6 regulates GC B cell function [80], this
finding is consistent with our data that has shown, on the basis of cell surface expression of
CD38 and GL-7, that IgM memory cells are not long-term GC cells. Together, our
transcriptome analyses suggest an important role for interactions of CD11c+ T-bet+ IgM
memory cells with various components, including FcRs, the extracellular matrix, and innate
factors, including complement. These interactions may provide a key to how these cells are
maintained during low-level chronic infection, and in autoimmune or aged individuals.

Key Questions

Given both the similarities observed between the CD11c+ T-bet+ B cells in our model, and
those described in the field, we propose that CD11c+ and/or T-bet+ expression articulate a
novel polarized B cell subset. Such polarization is likely analogous to that encountered by T
helper cells, which are polarized based on the conditions that the T cells encounter during
activation, as well as by other factors, such as receptor affinity [47][40], or B cell origin (i.e.,
as Follicular, B-1, or MZ cells). Indeed, T-bet is well-known to be triggered by IFNy
expression, and in an analogous fashion, IFNy polarizes Th1 cells. In both ours and other
studies, CD11c+ T-bet+ B cells are elicited during acute bacterial and viral infections [25,
37, 48], suggesting that, as for T cells, the early milieu encountered by the developing B
cells plays an important roles in B cell polarization during infection.

Although CD11c+ T-bet+ B cells were described as ABCs in other studies [35, 36], this
moniker may simply reflect that these B cells persist, in aged or autoimmune individuals,
under conditions of chronic antigen persistence and/or chronic inflammation. The
identification of these B cells during long-term bacterial and viral infections is consistent
with this interpretation. It is even possible that CD11c+ T-bet+ B cells that have been
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identified under chronic conditions may be a novel type of memory B cell. Therefore, we
propose that CD11c+ and/or T-bet+ cells, as a group, reflect a similar or identical subset of
B cells that is polarized early during early infections by IFNvy, and other pro-inflammatory
cytokines, and is maintained long-term, perhaps as memory cells, by chronic antigen, or by
chronic low-level innate receptor stimulation, via TLRs, other innate receptors on B cells.
Included in these conditions is inflammation associated with aging, also known as
“Inflammaging” [81], which may also explain why CD11c+ T-bet+ B cells were detected in
healthy aged mice [36].

Our studies have also suggested that the CD11c+ T-bet+ IgM memory cells may be
generated independently of GCs, based in part, on our observation that GCs are inhibited
during ehrlichial infection [82, 83], and because the B cells do not undergo class switching,
which typically occurs in GCs. GC-independent B cell memory is now considered to
represent a distinct pathway for generating memory B cells [84], so it is possible that all
chronic CD11c+ T-bet+ B cells represent GC-independent memory cells. In this regard,
there have been to date only limited studies of BCR repertoire and/or somatic mutation
among CD11c+T-bet+ B cells under chronic conditions (Knode et al., 2017). Such
information will provide additional clues regarding the origin and maintenance of these
novel B cells.

Although the concept that CD11c+ T-bet+ memory B cells may be maintained under
conditions of chronic inflammation or antigen may seem oxymoronic, because memory
lymphocytes have usually been defined as cells that are maintained in the complete absence
of antigen [85]. Such a definition may be far too restrictive in this case, however, for several
reasons. First, some chronic viral and bacterial infections generate and maintain memory B
cells, including IgM memory cells [25, 86]. Second, antigens have been shown to persist for
long periods, on follicular dendritic cells, and antigens so displayed may be important for
maintenance of B cell memory [87]. Whether memory B cells require antigen for
maintenance has been a topic of debate [88]. In our experimental model, where infection is
chronic, the CD11c+ T-bet+ B cells likely have limited contact with antigen, because the
bacteria are rare, and are likely sequestered, as obligate intracellular bacteria, inside host
cells. Nevertheless, we propose that limited contact with antigen may;, in fact, be key for
maintaining these cells for long periods. In a similar fashion, autoantigens may be
sequestered or present in low quantities that are nevertheless sufficient to maintain long-term
CD11c+ T-bet+ memory B cells. Finally, even aged healthy humans appear to support
CD11c+ T-bet+ B cells, i.e., ABCs, for long periods, perhaps via long-term antigen
persistence [62].

Clinical implications

A final consideration is the relevance of CD11c+ T-bet+ B cells in human health. The
studies from Kappler, Marrack, and colleagues suggested an important role in autoimmunity
[62], and ours and other studies suggest an important role in long-term host defense. As for
other lymphocyte subsets, CD11c+ T-bet+ B cells may play opposing roles, depending on
immunological context. Approaches to limit the activity of CD11c+ T-bet+ B cells may
therefore be helpful for ameliorating autoimmune diseases such as SLE, where B cells play
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major roles [35, 89, 90]. Alternatively, it may be advantageous to target CD11c+ T-bet+ B
cells with vaccines; knowledge of the factors that drive the development and differentiation
of these cells will be important in this context. IgM memory cells, perhaps similar to the
CD11c+ T-bet+ B cells we have been described, have now been identified in several
infection models and in humans, and likely provide a component of protection, especially
for chronic infections. Ongoing and future studies from the field will help to clarify the role
of CD11c+ T-bet+ B cells in many different disease contexts.
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Highlights
. CD11c+ T-bet+ IgM memory cells are generated during bacterial infection
. The B cells are derived independently of TLR signaling
. CD11c+ T-bet+ IgM memory B cells exhibit a distinct transcriptome

. Are important for long-term immunity during chronic infections and diseases
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Figure 1. T-bet expression in CD11c+ plasmablasts and IgM memory cells
A. Infected wild-type mice were analyzed for intracellular T-bet expression on day 10 post-

infection in CD11c-negative B220+ B cells (rectangular gate and open histogram) and
CD11c-positive B220+ plasmablasts (oval gate and light grey histogram).

B. Similar studies were performed on day 35 post-infection to detect T-bet expression in
CD11c-positive B cells (light gray histogram), CD19" B cells (dark grey histogram), and
CD19!° B cells (empty histogram).

C. Representative flow cytometry analysis of CD19+ (open histograms) and CD19" (light
grey histograms) B cells, both CD11c-negative, and CD19+ CD11c-positive B cells (dark
grey histograms). The data were acquired on day 25 post-infection, and are representative of
data acquired from infected mice that contained IgM memory cells.
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Figure 2. CD11c+ IgM memory cells were generated at normal frequencies in Unc93b-deficient
mice

CD11c+ IgM memory cells were monitored in infected wild-type, and Unc93b-deficient
mice, as in Figure 1. The data are representative of several studies, where no statistical

differences in cell frequency between strains were noted (P=0.1).
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CDIlc+

Figure 3. Transcriptome analysis of CD11c+ T-bet+ IgM memory cells
CD19+ CD11c-positive and CD19+ CD11c-negative B cells from C57BL/6J mice 30 days

post infection, were isolated by flow cytometric cell sorting. The cells, which were deposited
directly into lysis buffer, were collected from 4 different experiments, each containing 1 to 3
mice. Sample libraries were generated using an Illumina Truseq Stranded mRNA Prep kit.
Samples were analyzed using either paired-end reagents, using an lllumina MiSeq
instrument, or using single-end reagents, using an Illumina Nextseq instrument. The data
were analyzed using Partek Flow software as follows: Reads were aligned using
TopHat2-2.1.0 with the mm10 assembly, the data were quantified using Partek E/M, and
were normalized using RPKM, followed by Quantile normalization. The Partek Gene-
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Specific Analysis algorithm was used to identify genes between CD11c+ T-bet+ IgM
memory cells and CD19+ CD11c-negative B cells. Genes were filtered to limit the analysis
to those that exhibited statistically-significant differences (p-value less than or equal to
0.05). Red and green indicate positive or negative differential expression, respectively. The
color intensity indicates the standard deviation from the mean, for each gene. The
dendrogram was created using average linkage clustering, and a Euclidean point distance
metric.
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Table |

Identification of CD11c+ and related B cells in mice and humans

Condition References Comments

Healthy humans [19] CD11c+ detected on activated B cells

Ehrlichial infection [1, 48] CD11c+ identified on spleen plasmablasts and IgM memory cells

Aged humans and SLE [35] [36] CD11c+ T-bet+ B cells (ABCs); autoreactive Abs detected in aged mice

patients

Hairy Cell Leukemia (HCL) [21, 91, 92] CD11c expression on IgM* lymphoma cells; BRAF mutation is associated with cell
and variant growth

Viral infections [37] [38] CD11c* T-bet* B cells detected early in response to infections

Healthy humans [22] [23] CD11c expression detected on FCRL4+ non-germinal center memory B cells in tonsils
Healthy humans [24] CD11c expression detected on FCRLS IgM* CD21'9% tissue-like memory B cells
Healthy humans [93] CD11c* expression on IgM* memory cells in blood

Hepatitis C, B infection

HIV infection
Malaria infection

CVID

SLE

[33] [31], [94] [25]

[29]
[86]
[32, 95]; [30]

[89]

Accumulation of IgM* CD11c+ CD21'°% memory B cells in patients with Mixed
Cryoglobuliemia

IgM* CD21'%% Tissue-like memory B cells increased in blood of viremic patients
IgM* memory B cells detected during infection

IgM* CD21'*% B cells with low SHM and poly- and auto-reactivity associated with
splenomegaly

IgM'ow CD21'%% B cells a present in the periphery of SLE patients
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